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ChapterI

1.1 Glucose biosensors:

Biosensors have widely used for different applications with main goal to
improve the quality of human life. Generally, an application covers their use for
disease detection, food safety, drug discovery, environmental monitoring, and many
more. Apart from that, the main application of biosensors is the detection of
biomolecules from human blood. In that context, glucose detection has an important
role in the area of clinical diagnosis and monitoring of diabetes. Nowadays 9.5 % of
the people are suffering from diabetes all over the world and they are facing various
health problems such as eye diseases, strokes, and heart diseases, failure of kidney,
gum and dental diseases [1]. International Diabetes Federation (IDF) was searched and
reported statistical data that owing to diabetes 5 million people deaths in 2015 [2].
According to IDF, statistics of diabetes patients there are 1 in 11 adults in the range
between 20-79 years have diabetes (463 million people), 1 in 5 adults (above 65 years)
have diabetes (136 million people), 1 in 6 live births have affected by hyperglycemia
in pregnancy (20 million) 2 in 3 lives in urban areas (out of the 84 %) have gestational
diabetes. A decade ago, in 2010, the global projection for diabetes in 2025 has been
estimated 438 million. Still, four years to go, and the prediction is already crossed.
According to IDF, there will be 578 million adults with diabetes by 2030 and 700
million by 2045. Fig. 1.1 indicates the expected and approximation number of adults
suffering with diabetes. According to World Health Organization (WHO), these
people will become seventh leading cause of death upto 2030. Lacking of insulin in
the human body (i.e. type 1 diabetes) and in other side by the disability of insulin (i.e.
type 2 diabetes) can be treated efficiently by providing necessary insulin to the human

body. [3].
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Figure 1.1 Numbers of adults with diabetes by the year

It is imperative to regularly check the blood sugar level in the human blood
sample to see if the treatment works effectively [4]. Due to the various applications in
the arena of medicine, pharmaceutical, food, environmental industry, biotechnology,
etc., quantitative and qualitative analysis of glucose has attracted attention. To
overcome the challenges posed specially by diabetes, a very quick and reliable
diagnosis of the glucose level in blood sample helps in proper treatment and strict
control of diabetes. Thus, for the clinical diagnostics, to make the highly sensitive,
accurate, fast, and rapid sensing devices that check the sugar level in blood sample is a
serious challenge in the present situation [1, 5]. Thus, the glucose biosensor market is
growing fast; there is a lot of interest to develop new biosensors for glucose
monitoring. So, many scientists, researchers, and industries are jointly working
together to overcome some the drawbacks of present biosensor. Various methods
including colorimetry, conductometry, electrochemical, optical, fluorescent

spectroscopy have been employed for glucose sensing. Out of theses, from last 4
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decades, the glucose sensing domain was dominated by electrochemical glucose
sensor owing to their fast response, simple instrumentation, sensitivity, excellent
stability, inexpensive, high specificity, and low detection limit.

Generally, two types of glucose sensors (enzymatic and non-enzymatic)
available for the measurement of glucose levels. The different types of enzymatic
techniques are available for glucose sensing which followed in two routes:

% One is the oxidation of glucose by dehydrogenation with subsequent

determinations of the cofactor.

% The second one is based on the monitoring of glucose by the formation of

hydrogen peroxide; the hydrogen peroxide is the consumption of oxygen or
direct generation of the active center of the enzyme.

1.2 Enzymatic glucose biosensors:

1.2.1 Glucose oxidase:

The most of the enzymes used by the researchers for direct oxidation are
glucose oxidase (GOXx) take out from Aspergillus niger acid (i.e. E.C.1.1.3.4) and
glucose dehydrogenase (GDH) take out from Acinetobacter calcoaceticus acid (i.e.
E.C.1.1.1.47) [6]. The group of glucose oxidase belong to flavoproteins, consists of
flavin adenine dinucleotide (FAD) as a cofactor. FAD is does not bound covalently to
enzyme and it’s also crucial for the oxidation of glucose. GOx is a function of oxido-
reductase of glucose molecule which acts as a catalyst leading to transfer of electrons
from the electron donor, glucose. Fig. 1.2 displays 1% half reaction of glucose is
oxidized by the GOx to gluconolactone, after that gluconolactone is hydrolyzed
spontaneously to convert into gluconic acid. In the 2" half reaction, FAD mediator

acts as an electron acceptor and at that time reduced, that is oxidized by molecular
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oxygen (O,). The end point electro-active reaction is by reduction of oxygen to

hydrogen peroxide [6]. The above explanation presented in the form of reaction in

figure below:
Glucose Gluconolactone gluconic acid
CH,OH CH,OH

0 OH Oxidative
half reaction
OH _— OH =0 —> OH
| OH

OH H OH | COOH
OH OH oH
GOD-FAD GOD-FADH,

-/

H,0, e—m02-o 0,

Oxidative half reaction

Figure 1. 2 Shows the 1° half reaction of glucose is oxidized by the GOx enzyme to

glucanolactone

The first glucose sensor (enzymatic) was developed by Clark and Lyons in
1962 [7], the oxygen consumption was monitored during the catalytic oxidation of
glucose. However, complications varying the amount of oxygen led to the
development of new oxygen sensor by Updike and Hicks [8] with background
corrected oxygen levels. The first amperometric glucose sensors (enzymatic) was
developed in 1973 [9], the production of hydrogen peroxide was studied alternatively
by the oxygen reduction current. Since, this innovative work on the enzymatic glucose
sensors progressed rapidly due to the advanced electrochemical and nanotechnology.
The two main types of enzyme such as glucose oxidase (GOx) and glucose

dehydrogenase are mostly used in this technology, while, GOx is highly stable and
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selective towards glucose molecules than other enzymes. Potential response electrode
is quickly losses the both activity above pH 8 or below pH 2 and also it is easily
affected by sodium dodecyl sulfate, surfactants at a low pH and hexadocyl trimethyl
ammonium bromide at higher than 10 pH. Also, it is relatively showing low activity
due to the dependence of oxygen concentration by surrounding atmosphere. This is
marked in the review by Wilson and Turner [10] in 1992, by ideal enzyme for glucose
oxidation

1.2.2 First generation glucose biosensor:

The first amperommetric biosensor for glucose analysis based on oxygen
consumption in the presence of enzyme, reported by Lenard C. Clark [7] represents
the first generation of biosensors. The first generation glucose sensors estimated the
glucose concentration by means of the amount of hydrogen peroxide produced by the
GOx in the presence of dissolved oxygen. As discussed above, glucose oxidation
involves charge transfer from the active center of GOD flavin adenine di-nucleotide
(FAD) cofactors that are tightly bound and deeply buried in the protein shell of the
GOD [6-10]. In GOD catalyzed glucose oxidation, FAD acts as initial electron
acceptor and is reduced to FADH2. FADH:z is then oxidized by the final electron
acceptor, Oz because it has a higher reduction potential and Oz is then reduced to

hydrogen peroxide (H,O,). These are represented by the following equations 1.1-1.5.

GO
Glucose + 0, = Gluconic acid + H,0, 11
A negative voltage is applied to the any working electrode for oxygen consumption as

0, + 4H* + 4e~ - 2H,0 1.2
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Glucose + GOx (FAD) — Gluconate + GOx + (FADH,) 1.3
The again formation of the cofactor of enzyme GOx is occurred in the presence of
oxygen molecule, revealing the formation of hydrogen peroxide (H.0,) as,

GOx + (FADH,) + 0, - GOx + (FAD) + H,0, 1.4

H,0, = 0, +2H* + 2e~ 1.5

In that regard, we assume that the rate of reduction of oxygen is directly propositional
to the glucose concentration that is measuring reduction of oxygen as well as
measuring the concentration of hydrogen peroxide.

1.2.3 Major drawbacks of first generation glucose sensor:

» The selectivity of electrode is poor due to the presence of hydrolyzing and
reducing agents like ascorbic acid, uric acid, dopamine, fructose, and other
constituents of blood.

» Diminishing linear range of the biosensor because lack of oxygen.

The main two approaches reduce the first generation glucose biosensor quality.
In the first method, the oxygen soluble fluorocarbon pasting liquid is used for GOXx.
And second method utilized two dimensional electrodes to avoid the diffusion of
glucose in one way, while oxygen is ready to diffuse from both directions at the
immobilized enzyme. Hence, the results of sensors are very poor. These results are
due to very low charge transfer ability of GOD. Thereof redox active centers are
covered within the enzyme and protected by protein layer. The developed mediators to
carry out easily electron transfer between the electrode and enzyme and enhance
reaction rates.

1.2.4 Second generation glucose biosensor:
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Second generation glucose sensor have been introduced in 1980 which are
based on artificial mediators. Artificial electron mediators are to enhance the charge
transfer rate and to remove the oxygen dependency in the second generation biosensor.
The lower redox potential mediators are required for glucose oxidation reaction.

The second generation is classified as shown in Fig 1.3.

Glucose

Gluconic

Figure 1. 3 The mechanism of first, second and third generation of enzymatic glucose

oxidation
1.2.5 Mediators:
The mediators are key role agents in the second generation glucose biosensor.
These mediators are given up new horizons in the glucose biosensor. Many mediators

require lower redox potential for glucose oxidation. The glucose reaction with reduced
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form of enzyme formed by the glucose oxidation and to diffuse on the electrode

surface. The main two advantages of mediators are given bellow.

1. The dissolved oxygen concentration is not affected by the GOD ( which acts as an
catalyst)

2. And lower oxidation potential is required for hydrogen peroxide or glucose
monitoring. Moreover, the mediators are independent of temperature or pH, and do
not react with involved oxygen, highly reactive and of low toxicity.

The mediators are classified in the three groups, namely organic, inorganic, and

organo-metallic. These are listed in the following Table 1.

Table 1: Various mediators classified in three groups

Organic Inorganic Metal-Organic
Quinines Hydrogen peroxide (H20,) | Osmium complexes
Quinine and its derivatives Oxygen Ferrocene derivatives
Quinoid dyes Hexacyano-complexes  of | Ruthenium complexes
Oxidized viologens ruthenium, iron, and cobalt | Chromium derivatives

Conducting salts
Heterocyclic
dihydropolyazines
Tetracyanoquinodimethane
Tetrathiafulvaline

The mechanism of second generation biosensor is explained in following reaction.
Glucose + GOx (FAD) — gluconic acid + GOx (FADH,) 1.6
GOx (FADH,) + 2M (ox) + 2e~ — GOx (FAD) + 2M (red) + 2H* 1.7

2M (red) —» 2M(ox) + 2e~ 1.8
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While, all the organic mediators worked as catalysis in the enzymatic reaction
[11], the quinines, and their derivatives are manifest to react with other proteins [12].
As well, these organic mediators are mostly sensitive to acidic and basic solution, and
their stability is dubious [13]. In that context, many researchers have decided to
overcome these problems; the Tetrathiafulvalene and its products are generally used
for the electron transfer process, mainly for flavoenzymes used [14-16]. Lower
oxidation potential between 0.1-0.3 V/SCE of this compound stops the interference
from the undesired species [11, 17]. Hydrogen peroxide and oxygen are natural
intermediaries for GOX, despite that, they should high oxidation potential (0.7 VV/SCE)
for peroxide. Then, hexacyano-complexes like [Co(CN)6]3-/4-, [Ru(CN)6]3-/4-, and
[Fe(CN)6]3-/4- [18], which are proposed for transfer of electron very fast in
biosensors basically in enzymatic glucose sensor [19, 20]. Because of their low
molecular weight, (small size) they easily diffuse into the enzyme redox center and
facilitate the charge transfer mechanism and develop strip-based glucose sensor strips
based on screen-printed carbon.

Organo-metallic mediators such as ferrocene and osmium complexes are also
exhibited to possess excellent durability and quick transfer of electron rate in between
enzyme and electrode. These advantages promote the expansion of strip-based
glucometers for society use by company ExacTech from Medisense [21] which are
compared with conventional carbon pest. Recently, many researchers have used
carbon nanotubes (CNT) that can enhance the electron transfer rate [22]. The
increased charge transport path way in CNT is due to the acceptable changes of the
GOx exposing the kinetic path way of GOx for more rapidly electron transfer [23].

Other than carbon nano materials, platinum [24], gold [25], silicon particles [26],
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silver [27], and laponite silicon materials with polycrystalline sub-nanometer are
increases the electron transfer rate [28, 29]. However, these nanoparticles are reported
that drastically increase the enzyme performance.

1.2.6 The major drawbacks of mediators in second generation glucose sensor:

» The competition of dissolved oxygen, synthetic mediators, and GOX is high
and also that accumulates of the hydrogen peroxide near the potential electrode
surface.

> Interference that oxidizes with mediators at lower applied potential that will do
not providing accuracy and enhances reaction of mediators with interfering
species.

> Highly diffusive nature and small sizes of mediators poses difficulties and
restriction their applications.

1.2.7 Third generation glucose biosensor:

The many more complication of using synthetic mediators in second
generation is avoided by new developing third generation glucose biosensors.
Researchers have developed 3" generation glucose sensor that allows electrons to be
transferred directly to the electrode surface and to active redox sites of enzyme,
increase the sensitivity and reproducibility. This generation glucose biosensor is
appropriate for monitoring blood sugar due to its stability and biocompatibility. The
mechanism of third generation biosensor explained is in following reactions.

Glucose + GOx(FAD) — gluconic acid + GOx (FADH,) 1.9

GOx (FADH,) + 2e~ — GOx(FAD) + 2H* 1.10
Third generation biosensor could be operated at a low potential which results

to diminished interferential electro-active species. But still this generation biosensor
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suffered from relatively smaller linear range compared to first and second generation
glucose sensors and also restriction emerged from humidity, temperature etc. [30, 31].
1.3 Non-Enzymatic electrochemical glucose sensor:

Hence, due to intrinsic disadvantages of GOx based enzymatic sensor like
complicated and multi-step immobilization procedures, humidity, thermal stability,
chemically instable, pH, high cost etc. researchers across the globe devoted more
effort towards the non-enzymatic glucose sensor which could become alternative for
enzymatic glucose sensor [32]. Non-enzymatic glucose sensors due to their easy
preparation procedure, ultra-high sensitivity, rapid measurements, very less amount of
analyte/samples required for calibration, long term durability, extraordinary
selectivity, low detection limit, reproducibility, low cost, high stability, flexible
operating system were considered as a 4™ generation glucose biosensor [33, 34].

There are various methods have been developed for glucose sensing including
colorimetry, electrochemical method, conductometry, optical method and fluorescent
spectroscopy. Out of theses, electrochemical glucose sensor attracted more attention
over the last 40 years because of their fast response, simple instrumentation,
sensitivity, excellent stability, inexpensive, high specificity and low detection limit.
Among the electrochemical detection approaches, two specific methods, named
potentiometric and amperometric are used mostly in monitoring glucose
concentration. In potentiometric mode, the potential difference between the reference
electrode and indicator (working) electrode is measured at zero applied current. It is
commonly used to measure glucose concentration in the order of few pM. As
concentration of glucose changes, the potential of working electrode also changes [35,

36]. In an amperometric mode, constant bias potential is applied and resulting current
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is measured. When glucose undergoes chemical reaction, current starts to flows as
electrons are produced. The resulting current is proportional to the concentration of
glucose [37]. An amperometric biosensor consists of two or three electrodes. The use
of a two-electrode system is limited because controlling the potential at a high current
is difficult. Therefore, three electrodes system (reference electrode, counter (auxiliary)
electrode, and working electrode) is commonly introduced. The potential changes of
the working electrode are measured independent of changes that may occur at the
counter electrode.

1.4 Mechanism of glucose oxidation on electrode surface:

For conventional enzymatic sensors, the enzymes e.g. GOx or glucose
dehydrogenase (GDH) are used as an electrocatalyst on the electrode. In the case of a
non-enzymatic glucose sensor, GOx and GDH are not used as electrocatalyst instead
electrode surfaces are modified with the large number of active nanomaterials
themselves act as electrocatalyst for oxidation of glucose. Generally, two major
mechanisms have been proposed to explain the electrocatalytic processes in non-
enzymatic glucose sensors.

1.4.1 Activated chemisorption model:

The activated chemisorption model was first proposed by D. Plethcher in 1984.
This model assumes that the oxidation process initiated with adsorption of glucose
molecule on the surface of electrode via the unpaired d-electrons of unfilled d-
orbital’s of transition metal atoms, which are readily available to generate the bond
with adsorbates [38]. Pletcher suggested that the process of hydrogen abstraction and
adsorption of organic species occurs simultaneously, leading to the electrocatalysis of

glucose oxidation. In most of the glucose electro-oxidation experiments, the
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abstraction of hydrogen (removal of the hemiacetalic hydrogen atom) is considered
the rate-determining step, and chemisorptions of glucose were generally considered
to occur simultaneously. Therefore, the nearby active metal center is occupied by
single absorbate, implying that well-spaced adsorption sites on electrocatalysts
surface enhance the glucose oxidation process. The activated chemisorptions model is
explained in the following Fig 1.4. The activated chemisorptions model fails to

explain the role of hydroxyl radicals generated in alkaline medium [39, 40].

a2 & d >
®o o _ e e _ e o

) () () () ONO @ ( ORO 0 ()
Electrode surface Electrode surface Electrode surface
(a) (b) (©)

Figure 1. 4 The scheme of activated chemisorptions model

In the scheme of activated chemisorptions model M is metal atom, C is
hemiacetalic carbon atom and R is other components of the glucose molecule.
1.4.2 “Incipient hydrous oxide adatom mediator” model:

The activated chemisorption model explains only the process of adsorption at
the interface of electrode but fails to explain role of hydroxyl radicals generated in a
medium. It is evident in numerious publication that electro-oxidation of glucose can
occur via adsorption of hydroxyl radicals (OHags) [41, 42]. The “Incipient hydrous
oxide adatom mediator” model (IHOAM) has been discussed by L. D. Burke [43].
This model was based on the observation that active surface metal atoms undergo a

pre-monolayer oxidation step that formed an incipient hydrous oxide layer of reactive
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hydroxyl radicals (OHags). The generated OHqgs layer work for mediating oxidation
and inhibiting reduction of kinetically slow electrode reaction. Following fig illustrate

this proposed model which shows oxidative and reductive processes at metal surface

[44].
Electro-oxidation Electro-reduction
M|OH
Rred [ ]ads Ored
(Glucose)
ne ne-
ROX M* OOX
(Gluconolactone)

Figure 1. 5 The scheme of IHOAM model proposed by L. D. Burke [43]

The active hydroxide anion produced by the dissociation of water electro-
oxidation of glucose and many other organic molecules is well known. The
chemisorptions of hydroxide anions on the reductive metal adsorption sites lead to
formation of MOH,g4s which is catalytic component of electrocatalysts for glucose.

H,0 - H*+ OH~ 1.11

M+ OH™ — MOH,qq 1.12
As seen in the above equation, it is believed that increase in the OH" concentration
surely increases the formation of MOHgygs So non-enzymatic glucose sensing is pH

dependant reaction. Therefore, for formation of MOH,ys Species alkaline environment
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is suitable i.e. at higher pH value environment a higher sensitivity is generally
observed in alkaline medium for non-enzymatic glucose sensor [45]. The scheme of
IHOAM model proposed by L. D. Burke is shown in Fig. 1.5. In the IHOAM model,
M[OH].gs is the oxidative adsorbed hydroxide radical, and M* is the reductive metal
adsorption site.

1.5 Metal oxide based non-enzymatic glucose sensor:

Non-precious transition metals and metal based oxides, hydroxides,
phosphides, sulfides, and their complexes have been greatly employed to fabricate
non-enzymatic competent glucose sensors. It is well known that the properties of the
nanoscale metal oxide materials are very much different from their bulk materials.
Because of its small size, well order crystalline structure, large surface to volume
ratio, and dimensions comparable to Debye length, nanoscale metal oxides could
appreciably enhance their glucose sensing activity [46]. Nobel metal like gold,
platinum, and palladium have been used as a catalyst for enzyme less glucose sensor
thereof costing of material as well their device fabrication is high [47, 48]. Transition
metals have the potential to adopt several oxidation states also can absorb on the
surfaces of other species to form intermediates and channelize them in the reaction
process [49]. Elements coming in the third line of the periodic table are comparatively
inexpensive and can provide quick and sensitive responses towards glucose molecules
[50].

1.5.1 Literature survey on transition metal oxides with their composites:

Several researchers have explored numerous metal oxides for the glucose

sensing purpose employing various synthesis strategies in order to achieve different

morphologies which results in enhanced performance in terms of sensitivity, linear
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range, and limit of detection (LOD) and response time. As long as results are
concerned, synthesis method, annealing temperature, morphology, surface area and
precursors used play an important role. Table 1 briefly summarizes the effect of above
mentioned parameters on the sensing properties of metal oxides and their composites.
Many researchers have synthesized nanomaterials by varying various parameters and
obtained different morphologies including thorn, nanoplates and nanosheets. Kannan
et al. [51] reported thorn and nanowire like morphology of Co30, after reversing the
molar ratio of precursor used. In which he found that the thorn like morphology
possesses high surface area (86.2 m? g?) than the nanowire (67.5 m? g). The
enhancement in sensitivity was observed due to high surface area, providing direct
connection with glucose molecule and 3D/CO3;0, directly grown on the carbon fiber
paper (CFP) substrate [55]. On the other hand, L-lysine played unique role in
preparation of porous Co(OH), nanoplates. The L-lysine controls the redissolution-
recrystallization and dehydration condensation reaction of Co(OH),. After thermal
decomposition, Co(OH), gets converted into Co304 [52]. Also, Liu et al. [53] studied
glucose sensing performance using Co3O,4 nanosheets grown uniformly on CC which
provides more active sites for ion transformation process and facilitates
electrocatalytic reaction. Therefore, nanosheets structured Co3z0, electrodes exhibited
ultrahigh sensitivity of 8506 pAmM™cm™ Both Cos;O, nanosheets and highly
conducting carbon cloth (CC) enhanced glucose sensing performance as compared to
Co30, having other morphologies. In order to enhance the glucose sensing
performance, hybridization strategy is also found to be very useful. Hybrid structure of
Co30,4 with graphene oxide and graphene oxide hydrogels (GOH) fabricated on GCE

by Yang et al. [54] and Hoa et al. [55] respectively. Microsphere like morphology of
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Co30,@G showed highest sensitivity because well-ordered porous structure with
remarkable electrical conductivity and more active sites. A microsphere with average
diameter of 8.2 um was assembled by large number of nanosheets. Therefore, strong
mutual interaction between the Co3z0,4 and graphene sheets triggered hierarchical co-
assembly of microspherical structure in order to minimize surface energy. The surface
area of Co30,/ GOH deposited for 12 h was found to be 291.86 m? g that was 3.8 and
1.4 time greater than that of pure Co304 and GOH, respectively but could not achieve
sensitivity greater than CozO4,@G. The porous structure of CozO4 and graphene sheets
offers large number of active sites and continuous pathway for transfer of electron
through interconnected network of Co3O,4 and graphene.

Different transition metals such as Zn, Cu and Ni with Co,0, electrode showed
micro-rice, nanosheets and nanowires like morphology after annealing, respectively.
Zhang et al. [56] reported ZnCo,0, that showed micro rice morphology obtained after
annealing at 400 °C for 2 h. The obtained sensitivity of porous ZnCo,0,4 was 436.1 pA
mM™cm™. In a study reported by Liu et al. [57] flower-like CuC0,04 nanosheets were
directly deposited on graphite paper and subsequently annealed at 350 °C for 3 h. For
the comparison purpose, CozO4 was grown on graphite paper by same method without
using Cu precursor which revealed formation of nanoflakes. The performance of
sensor was evaluated at 0.6 V in alkaline solution. The synthesized electrode showed
excellent sensitivity of 3625 pAmM™cm? The enhancement in sensitivity was
attributed to the 2D nanosheet which again provides more active sites as described
earlier. Porous NiCo,04 nanowire arrays were directly grown on CC having area (2.5
cm x 2 cm) reported by Luo et al. [58]. The bath was prepared in the molar ratio of

1:2:3 for NiCl,:CoCl,:urea. The reaction was carried out at 120 °C for 6 h and the
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resultant product was annealed at 350 °C for 3 h in air atmosphere. From SEM image
it was observed that entire surface of CC was covered by nanowire arrays and BET
measurement revealed surface area of NiCo,0, NWs was 35.8 m? g'. For the
comparison, bare NiO and Co,0,4 were also synthesized. But electrochemical behavior
showed larger current response for NiCo,0,4 than that of bare NiO and NiCo0,0,
towards 0.5 mM glucose in alkaline solution. Amperometric technique was used to
further investigate performance of NiCo,0, electrode at an optimized potential of 0.5
V. The prepared electrode showed extraordinary sensitivity of 4120 nAmM™“cm?,
LOD of 0.5 uM, quick response within 5 s and linear response in the range between 1
uM to 0.63 mM. This higher performance was obtained because a nanowire of
NiCo,0, favors more active sites, superior electrical conductivity because of binary
metal oxide component and binder free construction of electrode. Further
enhancement was achieved by Saraf et al. [59] on NiCo,0, by obtaining nanorod like
morphology onto GCE. The combined effect of nanorod like morphology and GCE
favored for the greater sensitivity of 4710 pAmM™cm™ than previously reported
nanowires. In addition, the extraordinary performance was obtained due to suitable
pore size which can accelerate the electron transfer rate by minimizing ion diffusion
path. Several researchers used NF as a platform to synthesize various composites of
NiCo,0,. Different morphologies were obtained with suitable bath parameters. In a
report prepared by Duan et al. [60] formation of nanowire took place on NF. In other
cases, sheet, urchin and nanoneedles were obtained on the NF. Again the morphology
dependent nature of sensitivity was highlighted by obtaining 3059, 956 and 806.17
nAmM™cm™? for nanowires, sheets/ urchin and nanoneedles respectively. Sequential

method was applied to fabricate multi component composite of NiCo,O,@polypyrrole
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(NiCo,04,@Ppy) nanowires. At first, hydrothermal method was used followed by
calcination to synthesis NiCo0,04 on NF substrate and then polymerization of pyrrole
on NiCo,O0,@Ppy was carried out. Amperometric measurement of NiCo,O,@ppy
electrode showed excellent sensitivity. NiCo,0,4 composite with Mn,O3; showed sheets
and urchin like morphology reported by Mary et al. [61] In addition, Jo et al. [62]
developed polymer dot (PD) bridged NiCo,04 which showed nanoneedle like
morphology. The NiCo,0.@ppy showed maximum sensitivity due to multi
component synergy contribution to construct suitable path for electron transfer and
shortening the distance of electron transportation. Yu et al. [63] prepared core-shell
structure of NiCo,0,@PANI, modified on GC electrode used as the working electrode
which showed ultrahigh sensitivity. Upon comparison of NiCo,O0,@PANI with
previously mentioned NiCo,0, composite, it can be seen that NiCo,0,@PANI exhibit
highest sensitivity of them all with the sensitivity being 4550 pAmM™cm™ The
NiCo0,0,@PANI composite had maximum sensitivity of reported NiCo,0,4 with Ppy,
Mn,O3 and PD mainly due to large active sites and higher conductivity of
NiCo,0,@PANI composite. Additionally, core-shell structure provides large number
of channels for electron transportation as well as shortening the pathway for electron
transportation. Heidari et al. [64] synthesized CoO nanoparticles grown on rGO pasted
electrode (r-GOPE) via CV process in the potential window (P.W.) between 0.2 to 1.0
V vs. SCE at a scan rate 25 mV/s. The deposition was carried out in 0.1 M acetate
solution at pH 7.5 containing 20 mM Co(NO3),. The prepared sensor showed
sensitivity of 1210 pAmM ™ cm™. Electrodeposited NiCo,0; electrode fabricated by Li
et al. [65] and Au- NiCo,0, by Naik et al. [66] sensor revealed nanowalls and

nanosheets like morphologies, respectively. Naik et al. [66] reported fascinating
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performance of the noble metal nanoparticles of Au and Ag hybridized with NiCo,04
deposited on highly conducting NF that showed superior performance as non-
enzymatic glucose sensor. The prepared biosensor Au-NiCo,0,4 demonstrated higher
activity than that of Ag-NiCo,0O, and bare NiCo,04. The sensitivity for pristine
NiC0,0, was found to be 20800 pAmM™*cm™ that is less in comparison with Ag-
NiCo,0,4 and Au-NiCo0,04. The sensitivity exhibited by Ag-NiCo,0, was 29860
nAmM*cm™ and for Au-NiCo,0; it was 44860 pAmM *cm™ in the same linear range
of 5-45 uM with response time 8-15 s. The performance of hybrid Au-NiCo0,04
nanosheets was ultrahigh because it contains number of electrocatalytic and
biocatalytic active sites and its surface to volume ratio was higher than that of pure
NiCo,0,. Also, the noble metals Ag and Au acts as a catalyst which enhances the rate
of oxidation and electrochemical reactions involved towards glucose molecules. The
rate of charge transportation and diffusion of electrons/ions towards electrode increase
leading to increases in electro-bio catalysis performance of the materials. Mondal et al.
[67] presented, for the first time, various shapes like spherical nanoparticles (NP),
porous nanorods (NR) and nanoflower of cobalt oxide by wet chemical method. After
studying the electrochemical properties of different structures, it was observed that
nanoflower shape of cobalt oxide was best candidate for glucose detection. The
developed CoO nanoflower showed excellent sensitivities for two different linear
ranges having LOD 0.04 uM and 0.14 uM. A stepwise process including magnetic
sputtering, anodic oxidation and CBD at 85 °C for 1 h followed by annealing at 350
°C for 2 h was employed to fabricate Co304/CuO nanorod array on CC reported by
Cheng et al. [68]. The fabricated electrode showed excellent sensitivity of 5405

nAmM ‘cm? with linear response up to 500 pM, LOD of 0.38 uM and response time
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1.9 s. The excellent performance was mainly achieved due to stable matrix of Coz04
shell that connects core CuO nanorods as well as core shell structure found to be well
supported on CC without binder. Harry et al. [69] used chemical solution method to
develop elemental Cu doped Co30, electrode on FTO substrate. Initially, CoCl, and
sodium oleate precursor were used to synthesize cobalt oleate and then Cu solution
was added to the cobalt oleate solution at various volume percentages (98: 2 V/V,
90:10 V/V, 85: 15 V/V, and 80: 20 V/V). After preparation of electrode on FTO, the
electrodes were annealed at 350 °C for 4 h. electrochemical behavior of developed
electrode showed highest activity for 90:10 volume percentages in comparison with
other ratios. In this study, thickness of film on FTO played key role in sensing
glucose. Hydrothermal method was employed for synthesis of Co3O, acicular
nanotube arrays which was further used as a platform to grow TiO; by spin coating
technique by Gao et al. [70]. At first, acicular nanowire arrays were grown on FTO
and then converted into acicular nanotube arrays through alkaline treatment. TiO,
nanoparticles decorated on its surface by spin coating method showed excellent
performance than that of pristine Coz0O,4 electrode. CoO/Au nanostructured electrode
was developed by Su et al. [71] by electrodeposition (ED) and galvanic replacement
reaction. FTO substrates were used to fabricate CoO/Au nanocomposite electrode. A
very small amount of Au loaded on surface of nanosheets of CoO improved the
transportation of electron which enhanced sensitivity of electrode. Such electrode
showed sensitivity of 6000 pAmM™“cm™ with linear response from 0.2 pM to 20 mM
with LOD of 0.1 pM. Tang et al. [72] composited NiCoO, material on CNT coated
with sulfonated polystyrene. The obtained product was heated at 400 °C for 2 h under

nitrogen atmosphere. CNT was capable to adsorb metal ions and induce the growth of
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metal oxides. Finally, fabricated NiCoO,@CNT showed significant response in the
concentration range from 0.01-1.55 mM, high sensitivity of 1424.41 pAmM“cm™ and
LOD 1.14 uM at an optimized potential of 0.5 V. Among these materials, nano-

structured oxides have been widely used for application in glucose biosensors.
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Table No. 1: Literature survey of transition metal oxides with their composites materials.
Sr. | Electrode Morpholo Sensitivity Lr;rr:eir LOD Response V\g‘zg:tlirg Electrolyte | Selectivit Ref
No | material PhologY | LLamMtem?) g (LM) time (s) | P y y '
(mM) (V)
AA, UA,
01 M DA, Fru,

1 C0304 Nanowires 180 0.001-1 0.046 - 0.55 N.a OH Lac, Gal, [51]
cysteine,
serotonin
UA, AA,

0.1M NaCl, KCI,

2 Co50, Nanoplates 212.92 0.05-3.2 2.7 5 0.38 NaOH NaNO,, D- [52]
gal, Fru
Fru, Lac,

3 C030, Nanosheets 8506 0.01t0 2.0 1 <6 0.55 1 M NaOH Mal, AA,

[53]
UA
Hierarchical
0.1M AA, UA,
4 Co03;0.,@G _porous 628 0.02-8 0.038 4 0.55 NaOH DA [54]
microsphere
Co5;04/ 0.1 M AA, UA,
5 GOH Nanoflowers 492.8 0.25-10 - 8 0.62 NaOH DA [55]
. . 0.1M AA, UA,
6 ZnCo,0, Micro-rice 436.1 0.01-0.55 5 <3 0.55 NaOH DA [56]
0.1 M AA, UA,
7 CuCo0,0, Nanosheets 3625 up to 0.32 5 6 0.6 NaOH DA [57]
. . 0.001 - 0.1 M AA, UA,

8 NiCo,0, Nanowires 4120 0.63 0.5 5 0.5 NaOH DA [58]

AA, DA,
. 0.1 M UA, Fru,

9 NiCo,0, Nanorods 4710 0.001-0.88 | 0.063 3 0.4 NaOH Gal, Mal, [59]

creatinine,
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acetaminop
hen
AA, DA,
NiC0,0.,@ . 0.1M Suc,
10 Ppy Nanowires 3059 0.001-0.1 0.22 - 0.5 NaOH Lac Fru, [60]
NaCl
Mn,O4/NiC Sheet and 0.1M AA, UA,
11 0,0, urchin 956 0.01-0.15 35 - 0.7 NaOH DA [61]
AA, DA
PDs- 0.005 - 0.1M ' '
12 NiC0,0, Nanoneedles 806.17 0.25 2.75 - 0.5 KOH Lac, urea, | [62]
NaCl
NiC0,0.,@ 0.1M DA, AA,
13 PANI Core-shell 4550 upto 4.73 0.38 - 0.5 NaOH UA, NaCl [63]
Saccharose,
Fru, L-
CoOlr- 0.1M histidine, L-
14 GOPE Nanosheets 1210 0.040 -4 1.4 - 0.45 NaOH ohenylalani [64]
n, L-
methionion
Urea, AA,
DA, UA,
. 0.1 M AP, NaCl,
15 NiCo,0, Nanowalls 387.1 0.01-21 1 1 0.45 NaOH Fru. Lac, [65]
Mal, Suc,
Man
AA, UA
Au- 0.005 - 0.1M ' '
16 NiC0,0, Nanosheets 44860 0.045 2.64 8-15 0.4 NaOH D,?\\/,I ;A, [66]
0.005 - 0.01 M AA, UA,
17 CoO Nanoflowers 693.02 0.060 0.04 3 0.60 NaOH DA [67]
18 | Co30./Cu0 Nanorod 5405 0.001 -0.5 0.38 1.9 0.55 0.1M AA, UA, [68]
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array NaOH DA, Suc,
Fru
AA, AC
) 0.1M ,DA, Suc,
19 | Cu:Cos0, i 1850 upto7.6 | 0.153 10 0.6 NaOH | Fru a1, | [69]
KCL
20 | Ti0,/Cos0, N:?r‘;s‘sbe 2008.82 0.01~30 | 0.339 5 05 | 1MNaOH | AA UA | [70]
01 M AA, UA,
21 | coo/Au Flowers 6000 0.0002-20 | 0.1 i 0.60 NaOH A [71]
NiC00,@ 0.1M AA, UA,
2 | ot Nanoflakes 142441 | 001-155 | 1.4 i 05 NeOH A [72]
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1.6 Orientation and purpose of the thesis:

All researchers, scientists, and industries are working together on
improvement of non-enzymatic electrochemical glucose sensing application by means
to enhance sensitivity, long term stability as well as cost effective synthesis process.
The non-enzymatic glucose biosensor and its devices with outstanding
electrochemical performance as well low cost fabrication process may raise its
demand over the world. The working electrode material and electrolyte are the key
factors and influence glucose sensing performance. However, the sensitivity of the
glucose sensor are still low, to overcome this challenging aspect in the field of
glucose biosensors, demands to prepare efficient working electrode with high
sensitivity, wide linear range, long term stability and reproducibility. Previously
prepared non-enzymatic glucose sensors of transition metal oxide based biosensors
and their composites have tried to overcome these factors. Recently, transition metal
oxides with doping of other elements are attracting more attention among the working
electrodes for non-enzymatic glucose sensing application.

In the literature survey, we have observed that the transition metal oxide and
their composites materials were effective with excellent non-enzymatic glucose
sensing performance, but they have some drawbacks such as poor long term stability,
reproducibility and reputability. In addition, the fabrication is complex and
environment factors such as humidity, toxic chemicals, pH, and temperature damage
the enzyme activity. These problems can be easily overcome by finding easy
preparation method to improve surface texture leading to increases the surface area.
So, sequentially doping and addition of metal ions can changes physical and chemical
activities of the materials. Binary transition metal oxides noble solution used to rectify

the drawbacks of single transition metal material where debility of one material
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increases by another. So, the prime aim of this research is to explore the usefulness of
La,O3 and doping with silver (Ag) and manganese (Mn) for glucose sensing
application. Some transition metals have multiple oxidation states such as Ag and Mn
which reduce resistance of the electrode and participate in reaction mechanism.

The basic requirements for non-enzymatic glucose sensing electrode includes
high conductivity, more surface area, chemical and mechanical stability which leading
to enhance sensitivity, long term stability, wide linear range, reproducibility and
reputability. Binder free electrochemical deposition is used for thin film preparations
which enhance electrical conductivity of the working electrode. Binder free directly
grown nanostructures of the materials on conducting substrate have better structural
and mechanical stability. Hence many researches choice binder free thin film
electrodes for non-enzymatic glucose sensing application.

For the preparation of binder free and without additives lanthanum oxide
(Laz0O3), silver doped lanthanum oxide (Ag-La,O3) and manganese doped lanthanum
oxide (Mn-La,03) thin film electrodes employed for non-enzymatic glucose sensing
application. Simple, cost effective chemical method (ED) is selected for thin film
preparation. This method is easy to handle, and useful to large area deposition.
Preparative parameters such as deposition potential, pH of solution, deposition
temperature, deposition time, and varies concentration bath can be easily controlled in
this chemical method. This method offers gives materials properties such surface
morphology, crystal structure and control the thickness of the film. The prepared thin

films are characterized by physical and chemical methods such as X-ray diffraction
(XRD), field emission scanning electrode microscopy (FE-SEM), energy dispersive

spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), transmission electron

microscopy (TEM), Brunauer-Emmitt-Teller (BET) techniques. The non-enzymatic

Page 27



Chapter I

glucose sensing properties of prepared film electrodes by ED method is investigated
by cyclic voltammetry, i-t amperometric techniques. Three electrode system is used
for electrochemical study. The prepared film electrode used as working electrode,
platinum sheet used as counter electrode and saturated calomel electrode used as
reference electrode. Furthermore, the electrochemical performance of film electrode is
evaluated in terms of sensitivity and long term stability.

Our main three important and challenging aspects of this works are to detect
glucose concentration from human serum sample, enhance long term stability and
selectivity leading to the improve quality devices which are helpful for the society.
Hence, the prepared La,O3, Ag-La,O3 and Mn-La,O3 thin film electrodes for glucose
and different analyte detection such as ascorbic acid (AA), dopamine (DA), fructose
(Fru) and lactose (Lac) which are commonly presents in the human blood. They are
strong oxidizing agents similar to the glucose. as per aforementioned, the conclusions
are evaluated on the basis of the electrochemical non-enzymatic glucose sensing

performance of La,O3, Ag-La,O3and Mn-La,O3 thin film electrodes.
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Chapter II

In this chapter, different chemicals, synthesis method, various characterization
techniques and detail sensor fabrication process are briefly discussed.
2.1 Reagents used:

Table 2.1: The common laboratory analytical grade chemicals were used in the present

work

Sr. Company name Company and country of purchases
No

1 Lanthanum nitrate (La(NO3),-6H,0 SRL (INDIA)

2 Manganese nitrate (Mn(NO3),-4H,0 Sigma Aldrich (USA)

3 Silver nitrate (AgNO3) Thomas Baker (INDIA)

4 NaOH Thomas Baker (INDIA)

5 KOH Thomas Baker (INDIA)

6 KCL Thomas Baker (INDIA)

7 Glucose Thomas Baker (INDIA)

8 Fructose Thomas Baker (INDIA)

9 Lactose Thomas Baker (INDIA)

10 | Ascorbic acid Thomas Baker (INDIA)

11 | Dopamine Thomas Baker (INDIA)

12 Human blood DYP Blood bank Kolhapur, INDIA

All the solutions/electrolytes were prepared in double distilled (DD) water for synthesis
and non-enzymatic electrochemical glucose sensing experiments.
2.2 Introduction:

Interest in the study of science and technology of thin films enhances due to its
applicability, technical values, properties, and curiosity in two-dimensional solids. Thin
films have been developed to study the change in physical properties and their connection
with the structure of solids. Also, thin films are used in many devices such as optical
instruments, electrical circuits, sensor, magnetic information storage devices, etc [1]. In
the formation of thin films, the various materials are deposited on the surface of a clean

substrate up to a certain thickness. Changes in physico-chemical properties are observed
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due to alteration of structure (bulk to thin film) of material, which is dependent on the
order and periodicity of the material.

The system of thin film possesses at most two-dimensional order or periodicity,
that highly influences the physico-chemical properties and also responsible for change in
properties than bulk material. Many of these applications require nano-crystalline form of
material for enhancement in the properties. Materials in nanometer scale offer several
advantages such as large surface area, improved diffusivity, high electrical resistivity and
high mechanical properties than their bulk counterpart [2]. Nanomaterials can be
prepared by two ways; first way is top-down approach, where nanomaterials are prepared
by breaking of bulk material into nanoscale pieces via chemical or mechanical processes.
Another way is bottom-up approach, in which material allows to grow from atomic or
molecular species. Most of the research has been devoted towards developing the
capability to control shape, size and structure of material. Nanocrystalline form of
materials has been prepared via numerous chemical synthesis methods and also some
novel methods are also developed.

Thin film properties depend on deposition methods and preparative conditions,
and by selecting the proper method desired properties can be achieved. Basically, thin
film deposition methods divided into the class of physical and chemical methods [3, 4].
In physical method, there are two branches, one is vacuum evaporation and other is
sputtering [5], where materials are required to transfer in gaseous state for evaporation
method and impact processes for sputtering deposition. In chemical method, there are
also two branches. One branch is gas phase chemical process and it contains different
deposition methods such as, conventional chemical vapor deposition (CVD), laser CVD,
photo CVD, metal organo-chemical vapor deposition (MOCVD) and plasma enhanced

CVD. Another branch is liquid phase chemical methods which include electrodeposition
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(ED), CBD, successive ionic layer adsorption and reaction (SILAR), spray pyrolysis,
liquid phase epitaxy, sol gel process, reflux method, spin coating, dip coating, etc. In
chemical methods, growth of material is obtained through chemical solutions [6].
Physical methods have many drawbacks such as high working temperature, small area
deposition, requires sophisticated instruments, costly system, material wastage, high
vacuum, etc. In comparison with physical methods, chemical methods are simple,
economic, and suitable for large area deposition over any kind of substrate [3, 5, 6]. Also,
preparative parameters are easy to control like concentration of solution, pH of solution,
temperature, complexing agent, etc. Various chemical methods operate at low
temperature that eliminates issue of corrosion and oxidation of metallic substrate. Also,
these deposition methods are capable to deposit uniform and pinhole free thin films. So,
the chemical processes are advantageous in the preparation of various materials in thin

film form. The categorization of thin film deposition methods is summarized in chart

Thin filmdeposition methods
Physical methods Chemical methods
L ACsputtering 1. Radiofrequency 1. Chemical Bath deposition 1. Chemicalvapor deposition
2. Ion beam sputtering 2. Arcevaporation 2. FElectrodeposition 2. Laserchemicalvapor deposition
3. Facetargetsputtering 3. LASER evaporation 3. Spray pyrolysis 3. Photochemical vapor deposition
4. nlagnetrog sputtering 4. Electronbeam evaporation 4 Liquil(l 1;lmsle epitaxy 4. Metal organochemical vapor deposition
5. Radio Frq’ sputtering 5. Flashevaporation 5. Solgelmethod 5. Plasma-enhanced chemical vapor
6. Getter sputtering 6. Resistive heating 6. Reflux method deposition
7. Triode sputtering : R
8. Glowdischarge DC sputtering ; S])li)ll)ncf):iir:]gg
9. Successiveionic layer adsorption
and reaction method (SILAR)

Chart 2.1: Categorization of thin film deposition methods.

This chapter contains three major parts: first part deals with theoretical

background of ED, second part deals with different deposition modes as well as
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importance of electrodes and third part deals with study of basic principle and importance
of technique for thin films characterization.
2.3 Electrodeposition method:

In the ED process, a layer of one or more metals is simply coated on conducting
materials by exchanging electrons with ions (oxidation-reduction reaction) in the
electrolyte. Easy and economic process for fabrication of metallic coating makes it
famous in the field of coating (galvanization/electroplating). Also, it is used to prepare
numerous nanostructured materials in thin film form. This method is widely used for soft
and hard coatings for decorative and protective purposes, so it is explored in the
electronic industry for new emerging applications [7].

ED is easy for handling, attractive, and well-known technique in comparison with
the other physical and chemical methods due to several advantages. By this method,
many properties can be controlled easily with accuracy like conductivity of
semiconductor (n- or p-type), variation in the bandgap, control over stoichiometry and
doping, etc. Up to now, several materials in the thin film form have been deposited using
the ED method such as semiconductors [8], ceramics [9], metals [10], superconductors
[11], hydroxides [12], oxides [13], etc., for different applications. There is an incredible
difference in the ED compared with other chemical reaction based methods, where ED
produces a chemical substance in a controlled manner.

2.3.1 Electrodes:

The conventional three-electrode system was employed for the deposition of thin
films and electrocatalytic glucose detection experiments. 0.5 mm diameter platinum (Pt)
sheet (1 x 5 cm?) and 2 mm diameter graphite sheet (1 x 5 cm?) were used as a counter

electrode, saturated calomel electrode (SCE) and stainless steel (SS) substrate (1 X 5
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cm?) was used as reference electrode and working electrode respectively for deposition of
thin film and glucose sensing experiment.
2.3.2 Fundamentals of Electrodeposition:

An exchange of ions or atoms among the electrolyte and electrode occurs in
electrochemical deposition processes [14]. In ED process, generally direct current is
delivered through a metal ion-containing solution for the deposition of metal atoms on a
conducting substrate. The schematic of ED system is shown in Fig. 2.1. The main
components in the typical ED setup are discussed below.

As shown in Fig. 2.1, cathode, anode, and reference electrode are dipped in the
metal ions containing electrolyte, when direct current is passed through anode and
cathode then positively charged metal ions attracts towards the cathode, gets deposited on

cathode and becomes electrically neutral [15].

Figure 2.1 Three electrode electrochemical cell system
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By controlling charge amount and charge rate passing through electrolyte, the process of
deposition can be controlled. Thus, chemical changes can be observed over the substrate
or in electrolytes due to electrical energy. The deposition of metal on the cathode from
the electrolyte containing metal ions takes place as per following reaction [16].

Mn® + ne” M
where Mn" = metal ions, e = electron and n = number of charges.
On the other hand, electrolyte-containing more than one cationic species, cations get
deposited on cathode simultaneously. For two different cationic species, the reaction in
the ED process can be written as below,

M'+e > M

N*+e - N

Or M*+N*+2e > MN
where N* is the another metal ion. The amount of deposition can be determined
according to Faraday’s law.
2.3.3 Faraday’s laws of electrolysis
In 1834, Michael Faraday established a relationship between the chemical
changes in electrolyte solution and electricity passed through it for deposition or
liberation of material at electrode.
% Faraday’s first law
“The amount of substance deposited or liberated on the electrode surface is proportional
to the quantity of charges passed” and this expression mathematically written as,
WaQ

where ‘W’ amount of substance liberated (g), and ‘Q’ the quantity of charge passed
through electrolyte (Coulomb). If current (I) transfer with respect to time (t) then the

quantity of charges is written in equation form.
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Quantity of charge = Current (I) x time (t)
Q=1Ixt
WaltorW=zIt

Here, ‘2’ the proportionality constant, known as ‘Electrochemical equivalent’. It can be
defined as, “The amount of substance liberated (g) on the electrode surface on passing a
current of 1 A for 1 sec or passing 1 coulomb of electricity” [17].

¢ Faraday’s second law

“If the same amount of electricity is passed through different electrolytes, then the
amount of substance liberated on the respective electrodes will be having in the ratio of
their equivalent weights”. An important overtone of Faraday’s second law is that the ratio
of the mass of electrodepositing to its equivalent weight (g) is a constant equivalent to 1
Faraday or 96,500 Coulombs (C) or 26.3 Ah [18].

2.4  Various modes of Electrodeposition

In ED method, three different modes can be used for the deposition of material as,
1. Potentiostatic mode (At constant potential)

2. Galvanostatic mode (At constant current)

3. Cyclic voltammetry (Potential and current varies with time)

2.4.1 Potentiostatic mode (At constant potential)

In potentiostatic mode, the deposition of substance is carried out at constant DC
voltage. The different charge transfer reactions are carried at constant interfacial
overpotential in steady-state condition and current density is varied. The selection of
deposition potential depends on various preparative parameters such as substrate nature
(working electrode), the composition of bath, and reversible potential of deposited
species. Appropriate potential is required for electrodepositing particular species and
discovered with the guidance of standard electrode potential (reference electrode).
Nevertheless, the actual potential for the deposition of substance influences by several

factors like the interaction between substrate and depositant, overpotential of
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hydrogen/oxygen evolution, the bath polarization characteristics, and also interaction
between the various compounds in the case of compound ED. The deposition of species
is done in pure activation, diffusion, or mixed depending on the selection of deposition
potential. In potentiostatic deposition following features are important,
1) In this mode working electrode potential is controlled with respect to reference
electrode.
2) To develop required potential across the working electrode, the potential is driven
through counter electrode.
3) The cell current behavior varies with respect to time (t) as the output waveform.
2.4.2 Galvanostatic mode (At constant current)

In galvanostatic mode, the deposition of substance is carried out at constant direct
current (DC). In this mode, during the deposition process current between working and
counter electrodes is kept constant and this is very important for uniform and adherent
deposition of substance. The rate of deposition is proportional to the current densities.
Following characteristics are important in the galvanostatic deposition,

1. The applied current between the counter and working electrode should free to
drive electrolyte ions.

2. Desired cell current is generated by the proper potential applied through the
counter electrode.

3. Current is not controlled by the reference electrode; it’s only used for potential
measurement in the electrochemical cell.

4. The cell potential varies concerning time as the output waveform.

2.4.3 Cyclic voltammetry (CV) technique (potentiodynamic method)

CV is generally called a potentiodynamic method. The current of electrolysis is

measured as a function of applied potential. In potentiodynamic mode, CV and linear
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sweep voltammetry can be used. The CV technique is used to study electrochemical
behaviors of material that take place through electrolysis like, electrode kinetics, charge
transfer, etc. Further, it provides qualitative information on electrochemical reactions.
Redox potential analysis of electroactive species present in the solution can be
determined using a CV. In this method, the redox reaction of electroactive species can
confirm new material on the substrate. In a single step, all metal oxides can be easily
deposited by this method. A thin film can be formed on the conducting metal substrate by
the reduction of metal ions (at reduction potential) subsequently oxidation (at oxidation
potential) of metal ions. The thickness of the material on the film can be controlled by
some repeated deposition cycles. Important characteristics of the potentiodynamic
method for deposition are as follows,

1) Measurement of the anodic and cathodic current during the triangular potential
sweep and both responses can be observed.

2) Detail mechanism about electroactivity of electrolyte species and
electrode/substrate provides by output waveform which has forward and reverses
peaks.

ED of ionic species from the electrolyte/solution occurs in following successive steps.

1) lonic transport

2) Discharge

3) Breaking of ion-ligand bond (if the bath is complexed)

4) Incorporation of adatoms on to the substrate followed by nucleation and growth.

2.5 Effect of preparative parameters

Many properties of the material (morphological, structural, and optical etc,)
directly depend on the various parameters of the deposition process. Uniform, smooth,
adherent and stoichiometric films can be obtained by controlling proper parameters like

nature of substrate, applied current or voltage, complexing agents, temperature, and pH of

Page 45



Chapter II

the bath, etc., [19, 20]. Some preparative parameters are discussed in brief as given
below.
2.5.1 Substrate

In the ED method, the conducting substrate plays a significant role and acts as a
backbone with mechanical support for the ED process which leads to influence the
morphology of the growing material. Further, the optical and electronic properties of the
material can be investigated. Following the points of reference of the substrate are
important for uniform ED [21].

1. Substrate should be highly conducting.

2. Thermal expansion measurements of the substrate should match with deposition.

3. The mechanical strength should be good.

4. Substrate should be stable in acidic and basic solution.

5. Substrate should clean with acetone or ethanol then washed with DDW.
Generally, highly conducting metal substrates are widely employed for ED of material
due to their low cost, easy availability as well as handling.

2.5.2 Bath temperature

The diffusion rate and ionic mobility enhance with increasing the temperature of
the bath. The higher temperature of the bath raises current density along with increased
nucleation rate, hence smooth, adherent and fine-grained particle size can be formed on
thin film. Again, at a higher temperature, gas evolution potential and precipitation of salts
could be decreased. Thus, maintaining the proper temperature of the bath is more difficult
for deposition on thin film and they could be optimized by performing the experiments.
2.5.3 Current density/Over potential

The deposition rate also depends upon the applied current density/potential. At

lower current density/potential, slow-moving of ions occurs that reduces the growth of
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rate and forms a closely packed structure of the material. On the other hand, maximum
current density/potential the rate of nuclei formation increases correspondingly resulting
in fine grain and favors in the deposition of material. Although, at a very high current
density/overpotential rate of hydrogen separation or evolution from the electrolyte is very
fast that affect the growth of material, and porous and spongy material can be formed on
the substrate. Further, it is responsible for salt precipitation. So, the applied current
density/over potential can control the thickness and structure of deposited material
2.5.4 Complexing agent

The positively charged complex ions are formed by a chemical combination of
unstable metal ions with neutral molecules. The complex compounds offers two
advantages such as the continuous supply of ions for the deposition process and maintain
a high concentration of metal complex but low metal ion concentration. The complex
formation responsible for the growth of small grain and also decreases the precipitate
formation.
2.5.5 pH of solution

The pH of the bath is needed to control the high efficiency and required properties
of the material. High pH values may lead to form hydroxide ions near the cathode surface
that resulted in precipitation of basic salt. Thus, it alters the properties of ED. Hence, a
higher current density with high efficiency is required for the deposition at a low pH bath.
2.5.6 Advantages of Electrodeposition method
There are several mesmerizing advantages of the ED method for thin films as follows,

1. Quite a few structures, alloys, and compounds with prepared compositions can be
deposited, which is difficult to prepare by other deposition methods.
2. By using potential and charge (current) like electrochemical parameters, the
morphology and thickness of the thin film can be easily controlled.

3. Uniform deposition of material on a complex shape substrate is possible.
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4. Precursors like toxic gases are not required (like gas-phase methods).
5. Required types of equipment’s are inexpensive.
6. Compared to other gas-phase methods, a reaction in the deposition process arises
closer to equilibrium so it is easy to control with accuracy.
2.6 Electrochemical cell:

The three-electrode electrochemical cell is used for non-enzymatic
electrochemical sensor studies as shown in Fig. 2.1. The electrodes themselves play an
important role in the electrochemical biosensors. The electrode material, its surface
texture, or its size, length, and dimensions affect the detection capability of the
electrochemical biosensor. There are three kinds of electrodes performed in the
electrochemical cell:

» Working electrode

» Counter (auxiliary) electrode

> Reference electrode
2.6.1 Working electrode

The working electrode can be clarified as the electrode where the electrochemical
reaction behavior of interest occurs. By choice, it should have low cost, highly
conducting, a good signal-to-noise ratio, high electrical stability, and reproducible
response, no interfering reactions over the potential of interest, low toxicity, and long-
term stability. In the electrochemical system, the working electrode can be applied as
either anodic or cathodic substrate depending on the reaction either oxidation or
reduction.

2.6.2 Selection of Working Electrode
Finalize the working electrode material is very critical to achieve experimental

success. Some important factors should be considered. Firstly, the electrode material
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should manifest good redox behavior with the molecule, continuous electron transfer
without electrode disturbance. Secondly, the electrode material performs in a given
electrolyte should be as wide as possible to allow for the greatest degree of analyte
properties. Due to the above constituents, the working electrode materials have been
made from noble metals such as silver (Ag), platinum (Pt), gold (Au), mercury (Hg) and
carbon (C) in the form of graphite or carbon paste as well as stainless steel (SS). SS
electrodes have been widely used in electrochemical studies as working electrodes for a
variety of reasons, such as low cost, stability, availability, and low chemical interference,
ability to easily control the surface texture, high mechanical strength, and barrier during
water electrolysis.

Generally, nickel foam (NF), carbon fiber (CF), Pt plate, graphite sheets, titanium
foil, copper foil, and SS are used as the substrates. SS substrate has many desirable
properties that contribute greatly to its widespread application in the making of parts and
components across many industrial sectors. The favorable properties for researchers are
its high strength and durability, its high sensitivity and low temperature resistance, and it
is environmentally friendly as well as recyclable. Platinum plate and titanium foil have
high electrical conductivities than SS substrate but the cost of these materials is higher
compared to SS. This factor prevents these substrates from commercialization. Therefore,
many researchers generally prefer SS substrate. In addition, the SS substrate has not
involved in the oxidation-reduction process during the electrochemical study. Therefore,
we have used an SS electrode in the present investigations.

2.6.3 Counter (auxiliary) electrode

In the typical three-electrode system, the counter electrode has a function
measuring of current passing through between the electrochemical cell and the
electrolyte. The counter electrode works as a cathode or anode when one will operate as

an opposite electrode and vice versa. The counter electrode does not measure potential
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corresponding to the reference electrode but adjust the flow of current at the working
electrode. This configuration allows the working electrode to be potentially measured
against a known reference electrode. The counter electrode is generally fabricated from
electrochemically inert or highly conducting materials such as Pt, Au, or graphite.
2.6.4 Reference electrode

The reference electrode is stable, conventional electrode potential and it is used as
a reference in the electrochemical cell for potential control and measurement. The long-
term stability of the reference electrode potential is generally reached by using a redox
system with constant (saturated or buffered) concentrations of one and all participants of
the redox reaction. Furthermore, the current flow along with the reference electrode is
retained close to zero (ideally zero) which is achieved by using the CE to near the current
circuit in the cell together with very high input impedance on the electrometer. The
required condition for a reference electrode is to maintain constant potential in the
electrolyte species, high or low temperature, and passage of current. A standard hydrogen
electrode (SHE) is a commonly used reference electrode. Hydrogen is potentially
explosive and highly flammable is not suitable using an electrode. Hence two mostly
used and commercially available reference electrodes are Ag/AgCl and saturated-calomel
electrode.
Saturated Calomel Electrode: Another name of Calomel is the mercurous chloride
(HgCl,). Calomel electrode is consist of mercury, paste (mixture of potassium chloride
and mercury (I) chloride powder) and saturated potassium chloride solution.

Hg,Cl, + 26" — 2Hg + 2Cl, (E° = +0.24V)
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Figure 2.2 Schematic diagram of saturated calomel electrode (SCE)

2.6.5 Supporting electrolyte

A supporting electrolyte is a chemical containing electrolyte species that are not
electroactive (within the range of potential used) and which has an ionic strength and
conductivity much larger than those electroactive species added to the electrolyte. The
electrolyte is essential for the migration of charged reactants and products towards the
respective electrodes. Water-ionizable molecules are generally chosen as electrolytes,
which includes most soluble salts, acids and bases. Electrolytes can be categorized as
strong or weak based upon their degree of ionization. An electrolyte can be considered as
strong if it produces a high concentration of ions in solution. In contrast, a weak
electrolyte produces only a small amount of ions on ionization.

The thermodynamic interaction between the solvent and solute molecules in
solution is referred to as solvation which results in ionization of the solute. There are
three functions of the supporting electrolyte. First, it carries most of the ionic current of

the cells since its concentration is much larger than that of the other species in solution.
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Thus, it serves to complete the circuit of the electrochemical cell and keep the cell
resistance at a low value.
2.7 Electrochemical techniques:
Electrochemical techniques apropos to this work are described here, namely:
» Cyclic Voltammetry (CV):
> i-t amperometry:

i-t amperometric and CV techniques were carried out using CHI660E electrochemical

workstation (CH instruments, USA)

Figure 2.3 CHI660E electrochemical work station

2.7.1 Cyclic Voltammetry (CV)

CV technique is widely used for electrochemical studies. This technique provides
detailed information about the thermodynamics and Kinetics of redox reactions. It is a
potentiodynamic technique, wherein potential is varied linearly and the resulting current

is measured [22]. A typical voltage sweep in CV study is presented in Fig. 2.4.
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Figure 2.4 Voltage sweep CV study

A full cycle potential triangular waveform consists of a forward scan and a
reverse scan. The slope of the potential ramp is called scan rate (v) and is expressed in V
s™. The potential is applied between working and reference electrodes and the resulting
current is measured flowing at the working to counter electrodes (such combination is
called three electrode setup). To neglect the mass transport of molecules caused by
convection and migration, CV is performed in unstirred solution with an excess of a
supporting electrolyte. The results are presented as current versus potential plots called
voltammograms (Fig. 2.5). The initial potential is generally chosen where no redox
reactions occur. When the potential is shifted in forward direction a threshold potential
towards the oxidation potential increases before the peak current Ip is reached. When the
potential increases, the concentration of the reduced species on the electrode surface is
depleted (redox process) which results in the change of concentration of the material and
thus the increase of an anodic current. After that peak of oxidation current lox, has
reached the potential that is shifted before the concentration of oxidized species is
constant (i.e. constant current). At that point, the current is mass transport limited and not

potential limited. During the reverse scan, the accumulated oxidized species are reduced
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in the electrolyte which results in the decrease of cathodic current, after which the steady-

state current is reached.
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Figure 2.5 The anodic and cathodic peak presented in CV curve

CV technique is explored to determine the kinetics of chemical reactions,
especially whether the chemical reaction is thermodynamically reversible. For a
reversible couple (at 25°C), the peak current (ip) is described by Randles Sevcik

equation:
3
i, = (2.69 x 10%)nz ACDY/?y/? (2.1)

where n is the number of electrons taking part in the reaction, A is the surface area of the
electrode (cm?), C is the concentration of the reverse couple (M cm?®), D is the diffusion
coefficient (cm? s), and y is the scan rate (V s™). The above equation (2.1) can be used

to measure the diffusion coefficient for an electro-active species from the graph of
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current Vs. square root of the scan rate. Also, the study of different scan rates which
gives the identical information to identify the various types of the reaction (reversible,
quasi reversible, or irreversible) [23]. For an electrochemically reversible reaction
system, the oxidation and reduction peak current ratio, lox/lrep, IS unity and the
separation between the peak potentials is followed as:
Eoxi — Ergp = 59mV /n (2.2)

where Eox; and Ergp are the oxidation and reduction potentials, respectively, and n is the
number of electrons transferred.

Most electrochemical systems do not exhibit Nerstian behavior. Wherein, referred
to as quasi-reversible process the electron transfer rate slower than that of voltage scan
rate as the barrier to electron transfer needs to be overcome by the increased potential
beyond Eox. In turn, this separation of oxidation and reduction peaks observed on the
CV, which may calculated from the below equation (at 25 °C):

Eox; — Eggp = 48mV [an, (2.3)
Where « is the transfer coefficient and n, is the number of electrons commutation during
the charge transfer step. Also, CV of a system which is irreversible exhibits a shift of Ep
with the scan rate, or absence of the reverse peak.
2.7.2 i-t amperometric technique:

In the amperometric study, a constant potential is applied to a working electrode
and the resulting current is measured with respect to time. The applied potential is usually
chosen (based on the CV and LSV experiments) such that the resulting current is mass
transport limited. Thus at a steady state, it represents a concentration of the electroactive
species which are the analyte of interest or correlated to its concentration. This technique
is explored to study the current response to a change of substrate concentration which
leads to the observed kinetic chemical behavior. The current response determined by the

sensor under the constant polarization immersed in the electrolyte as that period changing
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the analyte concentration (gradually). The results are plotted as current Vs. time. The
time between the changes of analyte concentration is determined by the properties of the
sensor, namely by the time required for the current to reach an equilibrium state.

2.8 Surface characterization techniques:

Surface characterizations are performed to understand the morphological,
physical and chemical properties of the surfaces used in this work. It also helps us to
understand the complex formation, which increases the sensitivity and stability. The
surface studies used in this work are

1) Scanning electron Microscope (SEM)
2) Energy dispersive spectroscopy (EDS)
3) X-Ray Diffraction (XRD)
4) Transmission electron microscope (TEM)
5) X-ray photoelectron spectroscopy (XPS)
6) Brunauer-Emmett-Teller (BET)
2.8.1 Scanning electron microscope (SEM):
SEM images were obtained from Hitachi, PANalytical make (model S-3000H), Japan.

SEM is one of the most surprising aspects of which three-dimensional objects can
be interpreted by any observer with no prior knowledge of the instrument. This is quite
surprising because of the unusual way in which images are formed. This technique is
somewhat different from normal humans experience with images, which is formed by
light and viewed by the naked eye. The main components of a typical SEM instrument
are electron column, scanning system, detector(s), display, vacuum system, and
electronics controls (Fig. 2.6). The electron column of the SEM consists of an electron
gun and two or more electromagnetic lenses operated in a vacuum. The electron gun

generates free electrons and accelerates these electrons to energies in the range of 1-40
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KeV in the SEM. The electron lenses create a small, focused electron beam on the
sample. Most SEMs can generate an electron beam at the specimen surface with a spot
size less than 10 nm in diameter while still carrying sufficient current to form an
acceptable image. Typically the electron beam is defined by probe diameter (d) in the
range of 1 nm to 1 um, probe current (ib) pA to pA; and probe convergence 10-4 to 10-2
radians. To produce a clear image, the electron beam is focused on a fine probe, which is
scanned across the surface of the specimen with the help of scanning coils (Fig. 2.6).
Each point on the specimen that is struck by the accelerated electrons emits a signal in the
form of electromagnetic radiation. Selected portions of this radiation, usually secondary
(SE) and/or backscattered electrons (BSE), are collected by a detector and the resulting
signal is amplified and displayed on a TV screen or computer monitor. The resulting
image is generally straightforward and very easy to interpret, at least for topographic

imaging of objects at low magnifications.

Electron Electron Gun
j+—

I\

“Ei

’ ’ H Magnetic

i 4 Lens

(a)

(b) Incident Beam

Backscattered
Electrons
Secondary
Electrons

Electrons

Figure 2.6 Block diagram of SEM instrument [24]

The electron beam interacts with the specimen approximately to 1 pm depth.
Complex interactions of the electrons with the molecules present in the specimen

produces radiation. The need for understanding the process of image formation is for

Page 57



Chapter II

reliable interpretation of the images, which arises in special situations and mostly in the
case of high-magnified images. In such cases knowledge of electron optics, beam-
specimen interactions, detection, and visualization processes are necessary for successful
utilization of the power of the SEM.

2.8.2 Energy Dispersive X-ray Spectroscopy (EDS):

Energy-dispersive X-ray spectroscopy (EDS) is generally used for the elemental
analysis or chemical characterization of samples and is also called energy dispersive X-
ray analysis (EDAX) or energy dispersive X-ray microanalysis (EDXMA). The principle
used in the EDS is that every element has a specific atomic structure and gives a unique
set of peaks in the emission spectrum.

For the emission of characteristic X-rays from the sample, a charged particle
beam or high-energy X-ray beam is focused on the specimen. Ground state electrons are
present in the atom of the specimen at different energy levels. Electrons in the inner shell
are excited or ejected after a beam incident on it and the hole is created after the ejection
of an electron. Then, the electron from the higher shell occupies the vacant space, so the
energy difference between the shells released in the form of an X-ray (shown ray diagram
in Fig. 2.7). The energy dispersive spectrometer calculates energy and released a number
of X-rays from the specimen. The energies of X-rays are characteristics of atomic
structure and energy difference between two shells. Hence, the elemental composition of
the specimen can be measured by EDS [25]. Following components are embedded in the
EDS equipment;

1. The excitation source (X-ray beam or electron beam)
2. The X-ray detector
3. The pulse processor

4. The analyzer
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Figure 2.7 The ray diagram of emission X-ray spectrum in EDS [25]

Emitted X-rays incident on the detector at that time charged pulses are formed.
The detector converts that charged pulse into voltage signals with the help of amplifier.
Charged pulse further deliver to a pulse processor, which measures signals and forward to
the analyzer for data display. Elemental composition of the specimen is analyzed using
spectrum from number of counts against the X-rays energy.

2.8.3 X-Ray diffraction (XRD):

X-ray diffractometer from Rigaku miniflex-600 (CuKa, A=1.5406A radiation)
were used for acquiring XRD pattern. XRD technique is used to determine the crystal
structure and phase confirmation of a subjected material. It is a non-destructive technique
applied for the characterization of crystalline materials. It provides information about the
structure, phase, preferred crystal orientation and structural parameters such as lattice
parameter, crystallite size, strain and crystal defects. The diffraction of X-rays occurs
only when the wavelength of the wave motion is of the same order of magnitude as the
repeated distance between scattering centers. This diffraction condition is nothing but

Bragg’s law [26] and is given as:
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2dSin© = ni (2.4)

where d is the inter planer spacing, @ is the diffraction angle, A is the wavelength of X-ray
and n is the order of diffraction.

In this technique, material to be examined is ground to a fine powder. The fine grains of
sample are generally spread uniformly over a rectangular area of a glass slide. The
sample usually adhered to glass either using binders like collodion grease or wax. Several
types of sample holders namely glass slide, circular disc or thin capillary, etc. are used for
the different designs of the instrument.

Various kinds of sources for X-rays are available, but in the most common
laboratory diffractometers, sealed X-ray tube source is used. The X-rays are produced
from the sealed X-ray tube. The basic construction of the tube is similar to that Coolidge
tube. The X-rays are produced by bombarding high speed electrons on a metal target.
When the X-ray beams incidents on the sample, it gets scattered from the sample. The
scattered rays from the sample constructively interfere according to Bragg’s law and
produce a diffracted beam. The diffracted beams are scanned by sweeping the detector
from one angle to another and count or count rates of X-ray photon are measured at
different angles. The output is obtained as a plot of the intensity of diffracted X-rays
(counts) vs. diffraction angle (26). A diffraction pattern appears which can be analyzed to
determine various structural properties of the material. A schematic of X-ray
diffractometer is shown in Fig. 2.8. When X-rays interact with a crystalline substance,
gets a diffraction pattern. Each crystalline substance gives a pattern; the same substance
always gives the same pattern; and in a mixture of substances, each phase produces its
pattern independently. The XRD pattern of a particular substance is like a fingerprint of

that substance.
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Figure 2.8 Schematic of X-ray diffractometer [27]

The powder XRD method is useful in the qualitative phase analysis because every
crystalline material has its own characteristic powder pattern. Hence, this method is also
called the powder fingerprint method. Powder pattern depends on two main factors
namely (a) the size and shape of unit cell and (b) the atomic number and position of
various atoms in the cell. Thus, two materials may have the same crystal structure, but
almost certainly they have quite distinct powder patterns. The powder pattern has two
characteristic features, viz. d-spacing of the lines and their intensity. Out of these two, the
d-spacing is very useful and capable of precise measurement. The d-spacing should be
reproducible from sample to sample unless impurities are present to form a solid solution
or the material is in some stress, disorder or meta-stable condition. While the intensities
are more difficult to measure quantitatively and often vary from sample to sample. These
can usually be measured only semi-quantitatively and may show variation.

PDF-2 2021 contains entries 316,800+ unique powder diffraction data sets have
been collected from organic, organo-metallic, inorganic and mineral samples. These have

been compiled into a database known as the JCPDS (joint committee on powder
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diffraction standards). Identification of phase is made by matching the diffraction pattern
with the standard JCPDS cards.

X-ray diffraction (XRD) is one of the most common and non-destructive
characterization tool used to analyze all kinds of matters i.e. fluids, powders and crystals
etc. It can be applied from research to production and engineering. XRD is also an
indispensible method for structural materials characterization which uses the Debye-
Scherrer method. This technique uses X-ray (neutral) diffraction on powder or
microcrystalline samples, where ideally every possible crystalline orientation is
represented equally. The resulting orientation averaging causes the three dimensional
reciprocal space that is studied in single crystal diffraction to be projected onto a single
dimension. This describes the three dimensional space with reciprocal axes i.e. x*, y* and
z* or alternatively in spherical coordinates q, ¢*, y* The Debye-Scherrer method
averages over ¢* and x* and only g as an important measurable factors.

The diffracted intensity is shown as function either of the scattering angle 26 or
as a function of the scattering vector q which makes it independent of the used X-ray
wavelength. The diffractogram is like a unique ‘fingerprint’ of materials. This material
gives laboratories the ability to quickly analyze unknown materials and characterize them
in such fields as metallurgy, mineralogy, forensic science, archeology and the biological
and pharmaceutical sciences. Identification is performed by comparison of the
diffractogram to known standards or to international databases.

2.8.4 Transmission electron microscope (TEM):

TEM is the premier tool to acquire knowledge such as structure of materials at the
nanometer level. It operates on the basic principle as the optical light microscope, but
uses electron beam instead of light. The TEM image provides more depth information of

morphology and in details of its size. Schematic of TEM is shown in Fig. 2.9.

Page 62



Chapter II

> First condenser lens

Second condenser lens

Condenser Aperture

Sample

Objective Aperture
Select Area Aperture

First Intermediate lens

Second Intermediate lens
Projector Lens

| Screen |

Figure 2.9 The block diagram of TEM [28]
In TEM, an electron gun produces the bunch of monochromatic electrons. This

bunch of electrons is focused to a thin, small, coherent beam by using coherent lenses 1
and 2. While electron beam strikes on the specimen, part of electron gets transmitted.
This transmitted portion of electron is focused by the objective lens to form the image. It
is essential requirement of sample for TEM analysis. It should thin sufficient beam to
allow the electrons to be transmitted. The minimum thickness of the sample for TEM
analysis is about 0.5 um. The powder sample analysis is studied by dispersing in some
dispersive media to form colloidal solution, and then small drop of solution is placed on a
conducting grid (copper or silver) and dried. This grid acts as specimen for sample
analysis using TEM. The square size of grid is near about 1 um.
2.8.5 X-Ray Photoelectron Spectroscopy (XPS):

The surface properties of material or thin film can be identified by the X-ray
photoelectron spectroscopy (XPS) technique and it also called as electron spectroscopy
for chemical analysis (ESCA). This technique is based on photoelectric effect and X-rays

are used as a source of photons. Electrons ejects from the material surface when the beam
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of X-ray incident on the surface of material. The escaped electrons are called as
photoelectrons and using the Kinetic energies of photoelectrons elemental identification
can be done directly. Also, the intensities of photoelectrons help to determine the relative
composition of elements in the material. The ejected electrons kinetic energy can be
calculated by the relation [29],
K.E.=hv-B.E. - ¢s (2.5)

where, K.E., hv, B.E. and ¢s are ejected photoelectrons kinetic energy, X-ray photons
characteristic energy, binding energy of the atomic orbital from which the electrons

originated and spectrometer work function, respectively.
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Figure 2.10 XPS instrument analysis [30]

lonization and emission of electrons in inner shell happen due to absorption of
photons by the atom present in a molecule. Each element represents a characteristic peak
in the spectrum of photoelectron due to each core level atomic orbital having
characteristic binding energy. In XPS, very firstly the survey scan is done, in that all

available energy measurements are carried out and confirm present elements in the
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sample. In XPS study, energy spectrum is created by plotting binding/kinetic energies of
emitted electrons and plot informs amount of elements present in the sample. The peaks
at particular energies denote the presence of a specific element and these peaks are
related to the electronic configuration of elements. This instrument is useful to identify
oxidation state of elements. Ray diagram of XPS technique is shown in Fig. 2.10. XPS
cannot provide a complete chemical analysis, since it is a surface phenomenon where
signals used for analysis, originates generally from a few atomic layers of surface and

very few from the deeper part of solids.

2.8.6 Brunauer-Emmett-Teller (BET):

The BET theory aims to measure the physisorption adsorption of the gas molecule
on the solid surface of the materials and as an important analysis of technique for the
measurements of specific surface area and pore volume. The specific surface area
measurement is presented by Freundlich, Langmuir, and BET. There are three isotherms
used for the measurement of specific surface area as explained in brief.

% Freundlich adsorption isotherm:

In 1909, German scientist Freundlich provided an empirical relationship between

the amount of gas adsorbed by unit mass of solid and pressure at particular temp. It is

expressed using the following eq".

X 1
—=k.pn(n>1) (2.6)

m
Where x is the amount of adsorbate adsorbed, m is the amount of adsorbent, p is the
pressure of the adsorbate, k & n are the constants.
Limitation of Freundlich isotherm:
Freundlich isotherm only approximately explains the behavior of the adsorption. The

value of 1/n can be between 0 to 1. Therefore, the equation holds well only over the

limited range of pressure.
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1. When 1/n =0, X/m is constant the adsorption is independent of pressure.
2. Whenl/m=1,Xm=k pie X map

The experimental result supports both of the above condition. At high pressure,
the experimental isotherms always seem to approach saturation. Freundlich isotherm does
not explain this observation and therefore fails at high pressure.

The Freundlich isotherm was followed by two other isotherms-Langmuir
adsorption and BET adsorption isotherms. The Langmuir isotherm assumed that
adsorption is monolayer in nature whereas BET isotherm assumed that it is multilayer.
Langmuir isotherm:

Langmuir proposed this model in 1916; this model is applicable for mono-layer of

adsorption. It estimates adsorption capacity of the adsorbent as given bellow.

— kip
k2p+1

(a gives x/m in Freundlich) (2.7)
Where a is the amount of adsorbate adsorbed per gram of adsorbent, p is the equilibrium
pressure, and k1 & k2 are constant.
BET isotherm:
This is proposed by BET in 1928. This isotherm is developed for measurement of

multilayer adsorption of adsorbate per gram of adsorbent. The proposed isotherm is used

for describing surface area and pore volume of solid materials by using BET formula.

1 1 c-1 ,P
= + —_
W((p%)‘l) WmC  WpnC (PO)

(2.8)

where W is the weight of gas adsorbed, P/Py is the relative pressure, W, is the weight of
adsorbate adsorbed as monolayer, and C is the BET constant.

The concept of BET isotherm is employed for multilayer adsorption with different
hypothesis.

a) Adsorbate is physically adsorb on solid surface

b) No interaction occur between each adsorption isotherm
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c) Also Langmuir theory is used for each layer

The number of active sites also depends on particle size, particle morphology,

surface texture, and porosity. The ray diagram of BET isotherm is shown in Fig. 2.11.
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Figure 2.11 Schematic diagram of BET isotherm [31]
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Chapter III

3.1 Introduction:

Detection of biotic samples, mostly glucose molecule has huge significance
regarding the various end treatment of the same in the fields of clinical, biological,
chemical as well as in the food engineering [1]. Amperometric reagent based electrode on
glucose oxidase was established for the first time in the 1962 [2]. The development of
improper materials to be employed for the detection of glucose has seen a great traction.
The persistent attention in the improvement of new improper materials required for
reagent less electrochemical detection of biotic samples, like glucose detection further
needs to improve the linear range, lower detection limits and selectivity. Glucose
biosensors devices are divided into two types; enzymatic and non-enzymatic. The
enzymatic glucose sensors have suffering with many drawbacks such as immobilization
of enzyme depends upon the temperature, deficiency of long-term stability and maintain
the pH of the solution and control the humidity [3]. Meanwhile, the reagent less glucose
sensors exhibit high sensitivity, good stability, and quick response time. When,
significant efforts have been prepared for the development of reagent less glucose sensors
to improve their sensitivity, stability, linear range and reproducibility, up till now there
exists crucial desire to develop new base material that can be working for electrochemical
glucose detection to beat drawbacks of enzymatic and non-enzymatic sensors [4].

Literature survey tells that the electrodes with various microstructure show
excellent performance in the field of supercapacitor, gas sensor and antibacterial
applications [5-7]. Also, the porous microstructure of the thin film with the more specific
surface area can increase the diffusion of glucose and assist to the useful ion exchange
process during the glucose oxidation reaction time. Modified electrodes, electro-mediate

and stimulate direct electron transfer during electrode and redox protein to assess the
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redox potential of protein for the improvement in the non-enzymatic glucose sensor
devices [8-10]. Therefore, it is crucial to make inoperative functional materials on
electrode surface to hold the high activity of immobilized bio-molecule from
electrochemically point of view. Various types of oxides [11-13], nano-materials [14-16],
nano-composites [17, 18] and quantum dots [19, 20] have been examined to grow newly
electrodes in order to achieve well performance.

Rare earth (RE) metal oxides are promising materials that can exhibits good
supercapacitive performance, optical, magnetic, electrocatalytic, biosensing etc.,
applications due to the variation in the valence states, and high electrical conductivity.
Yamada et al. [21] prepared first time lanthanum oxide (LayOs3) thin films on SiO,
substrate by using chemical vapor deposition method (CVD) and used for the gate
insulator for MOSFETs. No et al. [22] fabricated La,O3; materials using cyclic CVD
method and investigated the crucial electrical properties. Nieminen et al. [23] synthesized
La,O3 thin film electrode by using atomic layer epitaxy on the soda-lime glass substrate
and also deliberate its chemical stability in the surrounding temperature. Pointedly, La;Os
is of great attention in the biomedicine fields, supercapacitor, high potential oxide
ceramics, and hydrogen storage materials, etc. there is chemically stable, unsolvable in
water and different crystal structures can be obtained [24-28].

This chapter describes a quick responsible reagent less biosensor for glucose
detection. La,Os film electrodes were used for reagent less glucose detection. La,O3
electrodes were fabricated by reasonable ED method and confirmed with various
techniques like XRD, FE-SEM, XPS, EDX, TEM and BET. The electrochemical reagent
less glucose sensing behavior of the La,O3 film electrodes were studied using CV and i-t

amperometric methods in 1 M KOH electrolyte.
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3.2 Substrate cleaning (working electrode):

Ultraclean substrate is the most prime requirement during the thin film deposition
process. Impurity having on the surface of the substrate is responsible for the unwanted
growth of material and creation of non-uniform, non-resinous thin film. The basic
requirement of sensing electrode is a highly conducting substrate, so low cost and easily
available in marketplace conductive SS is used as a substrate. The typical cleaning
procedure used for the SS substrate as follow,

1. The SS substrate was plane polished using zero grade polish paper

2. The substrate was cleaned and washed with acetone and double distilled water
(DDW), respectively.

3. Then, it was ultrasonically cleaned for 15 minutes and naturally dried, and further
used for the material deposition.

3.3 Experimental study:

All analytical grade chemicals such as lanthanum nitrate hexahydrate
(La(NOg3)3:6H,0), potassium hydroxide (KOH), glucose (CgH120¢), ascorbic acid
(CeHgOg), fructose (CgH1206), and lactose (Ci2H2,011), were purchased from Thomas
Baker (India) and used direct further purification. The La,Os film electrodes were
deposited by potentiostatically and varied preparative parameters such as concentration
of precursors, temperature, deposition potential and deposition time. The linear sweep
voltammetry (LSV) technique was scanned in the potential range from 0 to -1.2 V vs
SCE at scan rate of 10 mV s™. In this test, the negative potential increases up to -
0.9V/SCE with no current observed. After that, reduction of the solution starts from -0.9

to -1.2 V/SCE as well as current suddenly increased due to reduction of lanthanum ion.

Page 73



Chapter III

CHIG60E electrochemical
workstation

WE RE CE

— LSV curve

1
[a—y
I

Current (mA)
™

1
1
1
1
-3 ~ E 7
Ol '
4} : .
1
C La3* :
1
3+ + 3+ T - : : ! I I I I
[a* La3 ta L?_23+ -12 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
La3* Potential (V/SCE)

Figure 3.1 The schematic presentation of lanthanum oxide thin film by ED method
The fresh electrolytic solution of 0.01M La(NOs3)3.6H,O was prepared in the

double distilled (DD) water. Three electrode system was designed using ultrasonically
cleaned stainless steel (SS) substrate (50x10x0.5 mm®), graphite plate, saturated calomel
electrode (SCE) as a working, counter and reference electrode, respectively. The distance
between the working and counter electrode was maintained as 10 mm and potentiostatic
ED was carried out at -1.0 V/SCE. After deposition, whitish colored, well adherent, and
uniform La,O3 thin film was obtained at time of deposition of 1 hour. Deposited films
were air dried and kept in closed box for further characterizations. The electrochemical
setup, reduction of lanthanum ion within a potential window and deposited thin film is as
displayed in Fig. 3.1. The potentiostatic curves of La,O3 thin film formation on SS
substrate at -1.0 V/SCE are shown in Fig. 3.2. Potentiostatic deposition curve is classified
in to two regions, the first region exhibits nuclei formation and second region

corresponds to film growth formation.
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Figure 3.2 Deposition potential curve of La,O3 on SS substrate at -1.0 V/SCE

The observed initial flow of current response depends upon number of available
cation at the interface of electrode which might be discharge immediately after the
polarization of electrode (region-1). After the initial increment, the current decreases
gradually due to cluster formation process continuously occurred such as adsorption and
coalescence (region-II).

3.4 Structural and physical characterizations:
The LayO3 film electrode was characterized via XRD. The XRD pattern was

obtained by using Rigaku miniflex-600 (CuKa, A=1.5406A° radiation). The La,O3 film
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electrode material was used for detection of chemical states of elements and electronic
configuration via XPS (Thermo VG scientific, United Kingdom), the surface texture was
observed by using FE-SEM (ISM-7001F, and JEOL, Japan). The elemental analysis in
the form of percentage was carried out using EDX (X-max, Oxford instruments).
Crystallite size as well as particle size were estimated from TEM (Philips CM-30 unit,
Point Resolution= 2.4A°) using an acceleration voltage (300 kV). Porosity and surface
area of the film was studied by using BET (Belsorp Il mini).

3.5 Electrochemical glucose sensing measurement:

The electrochemical performance of La,O3 electrode was carried out using CV
and i-t amperometry methods. Three electrode system was explained in the experimental
study (section 3.3). The CV study was carried out within the potential window 0 to 0.5
VISCE. For glucose sensing experiment, the La,Os film electrode was carried out in the
potential window from 0 to 0.5 V/SCE, with and without glucose concentrations (5 to 25
mM) at a fixed scan rate of 20 mV s™. For i-t amperometry study, the i-t curve was
obtained at fixed potential of +0.43 VV/SCE after addition of different molar concentration
of glucose. The interference study was executed by performing i-t experiment in the
presence of different interfering species such as ascorbic acid, fructose, and lactose. The
CV and i-t amperometry measurements were carried out in 1 M KOH solution and kept
stirring constant speed 310 rpm. Fig. 3.3 shows the schematic of glucose sensing

experiment.
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Figure 3.3 Non-enzymatic electrochemical glucose sensing experimental setup

3.6 Results and discussion:
3.6.1 Thin film growth mechanism:

Case: 1 the cathodic ED of La(OH); was obtained at the cathode surface through
the mechanism of base (OH") electro-generation in the nitrate solution. These reactions

include nitrate ions, dissolved oxygen and reduction of water. The reaction mechanism is

given below.

NO3+H0 + 26— NO, + 20H (3.1)
NO3+7H,0 + 8¢ — NH," + 100H (3.2)
0,+2H,0 + 4e - 40H (3.3)
2H,0 +2e —» Hy + 20H" (3.4)

The above reactions in an increase of OH" ions due to pH of the solution increased near
the electrode surface La(OH); will form and deposit on the electrode surface.

Las* + 30H - La(OH)s(s) (3.5)
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Case 2: After deposition of La(OH)3 that is an heated 773K in muffle furnace at
2h and naturally cooling down at room temperature due to the adsorbed hydroxyl contain

easily removed.

La(OH)s(s) 225 Lay0s (3.6)
3.6.2 X-ray diffraction (XRD) analysis:
Fig. 3.4 shows XRD pattern of La;Os film electrode. The intense peaks observed
in XRD pattern at 20 correspond to (111), (401), (702), (611) and (703) planes of
monoclinic La,Os crystal structure (JCPDS card no. 22-0641). A high intense XRD peak

confirms well crystalline nature of the material.
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Figure 3.4 The XRD pattern of La,O3 thin film
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The remaining peaks marked by (*) in the XRD pattern correspond to SS
substrate. The average crystallite size was calculated for high intense peak by using

Scherrer’s relation (3.7) as

_ KA
- Bcos6

(3.7

where B stands for full width at half maxima, K stands for constant (0.91) and A stands
for wavelength of Cu-Ka X-ray source (1.5406A°). The average crystallite size was
calculated as 16.55 nm. Kolitsch et al. [29] prepared La,O; material by co-precipitation
method and identified monoclinic phase.

3.6.3 X-ray photoelectron spectroscopy (XPS) analysis:

Using the XPS technique oxidation states of Laand O were analyzed. Fig. 3.5(a)
indicates the survey spectrum of La,Os3 thin film. Fig. 3.5(b) displays deconvulated XPS
spectrum of Lanthanum in La3d oxidation state which splits into two well separated main
and satellite spin orbits by binding energy (BE) difference of 3.4 and 3.7 eVs,
respectively. The two main peaks of La3ds, and La3ds/, at the BE 851.5 and 834.8 eVs,
respectively designate the being oxidation state as La®" in the material. According to
literature survey, La3ds;, (La**) has BE in the range 834.4-834.9 eV [25]. The spin orbit
splitting of La3d among La3ds, and La3ds;, peaks through an energy gap of 16.7 eV is a
characteristic of La®" oxidation state. In the oxygen spectrum, Fig. 3.5(c) displays O1ls
oxidation state of oxygen in the high resolution spectrum. The high intense peak at BE
531.24 eV indicates the presence of oxygen in O state. The XPS spectrum confirms the

crucial formation of La,O3 with suitable valence states.
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Figure 3.5 (a) Full range XPS spectrum for La,O3 sample, high resolution spectrum for

3.6.4

(b) La3d and (c) O1s

Field emission-scanning electron microscopy (FE-SEM) analysis:

Surface texture study of La,O3 film electrode was carried out using FE-SEM. FE-

SEM surface micrographs of La,Osz film electrode for two different magnifications

(1000X and 15000X) are shown in Fig. 3.6(a, b). From the FE-SEM analysis, vertically

aligned asymmetrical nano sheets are deposited on conducting SS substrate. The

intersected asymmetrical nano sheet grown all over the surface of the electrode is shown

in Fig 3.6a. The average length of nano sheets is to be ~1.1 um as shown in Fig. 3.6b.
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Vertically aligned nano sheets produce its identifiable path to electron transfer into pores
and decrease its contact resistance of the electron. Also vertically aligned nano sheets
lead to improvement of the La,Os electrode performance owing high surface area,

additional desirable surface to volume ratio and exposer electro-catalytically dynamic site

on La,Os film electrode.
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Figure 3.6 The FE-SEM images of La,Os film at (a) 1000X and (b) 15000X

magnifications
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Figure 3.7 EDS spectrum of La,O3 film electrode
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Several types of morphologies have been described for La,Os film electrodes
synthesized from various methods. Yadav et al. [5] achieved porous honeycomb-like
morphology by using sprayed La,Oz film electrodes. Liu et al. [7] experimentally
achieved polyhedron, spindle and sphere-like morphology for precipated La,O3 film
electrode material. The percentage study of elemental arrangement in La,Oj3 thin film has
been studied by EDX method. Fig. 3.7 displays the EDX spectrum and their percentage
of lanthanum and oxygen elements in as deposited La,O3 film electrode. The atomic
percentage of lanthanum and oxygen within the La,O3 is 38.18 and 61.82%, respectively
that can nearly equal to ideal percentage value of 40:60%.

3.6.5 Transmission Electron Microscopy (TEM) analysis:

The crystal shape and construction of the layer by layer intercalated arrangement
of La,O3 nanoparticles were confirmed by TEM. TEM images of La,Os electrode
material at different magnifications is as shown in Fig. 3.8(a-c). The TEM image showed
in Fig. 3.8a tells that, all the nanosheets are interrelated and agglomerated. The average
particle size in the range of ~15 to 30 nm is observed. The TEM image examination show
inter planer d-spacing of 0.326 nm calculated from the fringe spacing that corresponds to
(111) (hkl) plane of La,O3 material as displayed in Fig. 3.8b. The inter planer d-spacing
of 0.326 nm is in the good agreement with crystallographic interatomic distance
calculated from XRD analysis. The crystallite size is noticeably observed in Fig. 3.8c, the
average crystallite size in the range of ~5 to 20 nm that is good agreement with XRD
study. The above explanation suggest that La,O3 nanoparticle is well crystalline in nature
and the interconnected nano sheets leads to high surface area with better diffusion path

provided a glucose sensing application.
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~5-20nm

Figure 3.8 TEM images at magnification of (a) 80000X and (b) 200000X and (c)
crystallite size of La,O3 sample
3.6.6 Brunauer Emmett Teller (BET) analysis:

The pore size distribution, specific surface area and porous texture of the
scratched La,O3 material were studied by physical sorption of N, gas using BET method.
Fig. 3.9(a) displays isotherm of La,O; materials, a small hysteresis loop represent
between the higher to middle pressure range (1- 0.74 Pa) of isotherm that indicates La,Os
material becomes a mesoporous structure. The specific surface area (BET) investigation
of La,O3 materials was carried out in the relative pressure (p/po) range from 0.02-0.2 Pa

and measured in the form of specific surface area was 14.17 m? g™*. The isotherm of
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La,O3 material was exhibits type of 1\V(b) isotherm noticed that this materials having a
mesopores of smaller widths, this isotherm is common for mesoporous materials [30].
The entire pore volume was calculated by quantity of adsorbed nitrogen at p/py = 0.990
and found to be 0.1393 cm® g™*. Fig. 3.9(b) displays the distribution of pore size using the
Barrett-Joyner-Halenda (BJH) method. The La,O3 contains four types of dominant pores
centered at 6, 10.49, 16 and 21.75 nm indicating La,O3 has of mesoporous structure with
average pore size 39.30 nm. The mesoporous structure facilitates excellent active sites to

the diffusion of glucose at surface of La,Os electrode.
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Figure 3.9 (a, b) The N sorption isotherms of mesoporous La,O3 sample

3.7 Enzymeless glucose detection:

In order to examine the electrochemical kinetic properties of La,Os film electrode,
CV and i-t amperometry measurements were carried out. Typical CV curve of La,Os film
electrode in 1 M KOH electrolyte at different scanning rates varied from 10 to 100 mV s
! within the potential window of 0 to +0.5 V//SCE are displayed in Fig. 3.10(a). All the
CV curves display noticeable characteristic redox peaks that specify the oxidative

behavior.
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Figure 3.10 (a) The CV curves at various scan rates of 10 to 100 mV s and (b) displays
peak current as a function of square root of different scan rate (V%)

The above CV curves reveal that the oxidation and reduction peaks for La,O3 film
electrode are at +0.43 and +0.29 V/SCE, respectively. The voltage values of these peaks
become shifted toward more positive and negative side by increasing the scan rate.

1/2

Cathodic peak current vs. the square root of scan rate (v“) shows the linear correlation

with a slight increase in anodic current after 7.4 mv*? (Fig. 3.10(b)).
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Figure 3.11 Plots of anodic and cathodic peak voltages vs. square root of the different

scan rates
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A detailed CV study is shown in Fig. 3.11. Anodic current density rises from
0.007 to 0.407 mA cm™ with increased scan rate as of 5 to 100 mV s™. During this time,
anodic potential changes from +0.401 to +0.431 V/SCE. Also, change in cathodic
potential from +0.280 to +0.295 V/SCE is observed with decrease in current density from
-0.00233 to -0.020 mA cm?, justifying a characteristic diffusion controlled ideal

electrochemical progression [31].
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Figure 3.12 The CV curves in absence and presence of different glucose concentrations
in 1 M KOH solution at 20 mV s™

The electrochemical performance of La,Os; film electrodes towards glucose
oxidation in an alkaline electrolyte was revealed by the i-t amperometric technique. Fig.
3.12 displays CV curves of the La,Og3 film electrode in 1 M KOH solution at scan rate of
20 mV s * presences and absence of different concentration of glucose (5 to 25 mM). The

anodic peak current was proportional to glucose concentration, indicative of significant
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catalytic activity of La,Oj3 electrode for glucose oxidation through a cyclic mediation
redox process. The reason behind that the oxidation peak potential moved to high
potential might to be assigned a diffusion limitation of glucose at the surface of the
electrode. Surges in current response with rising glucose concentration highlights that
electrodeposited La,Os; film electrode can be employed for electrocatalytic non-
enzymatic glucose detection.

A possible reaction mechanism of electrocatalytic oxidation of glucose owing to

being of La(lll) ions are defined with the following reactions.

La,05;+ H,0 — 2La0O0OH (3.8)
LaOOH + 20H~ & LaO(OH)3 + 3e~ (3.9
LaO(OH)3 + C4Hy,0¢ + e~ o LaOOH + CgHy00g + 2H,0 (3.10)

In the anodic scan, La(lll) species present in the dissolved solution hydrolyse to
form LaO(OH)3 by the releasing electrons. Presence of glucose molecule, the
unrestricted electron reacts with glucose molecule to convert it into the glucanolactone
[24]. Since, oxidation of glucose and reduction of ion species, glucose molecule detected
by the material.

The i-t amperometric study of La,O3z film electrode was performed at +0.43
VISCE. different molar concentrations of glucose from 1.25 to 11.25 mM was inserted to
1 M KOH solution through a regular interval of 60 s, to make the staircase-like graph as
depicted in Fig. 3.13a. Thus, La,O3 film electrode tells a good electrocatalytic linear
response near the glucose in the range between 1.25-11.25 mM. A easily electron transfer
process through La,Oj3 film electrode shows a well defined concentration dependence.
Thus, it is one of the most important analytical factors: for i-t amperometric glucose

sensor is the quick response time as less than 1 second. Fig. 3.13b displays that within
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the one second glucose oxidation takes place with successive addition of 1.25 mM
glucose solution and 0.46 mA cm™ current increases is observed. Thus, successive
addition of glucose (within one second) reveals steady state response due to rapid

electron transport on the surface of electrode.
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Figure 3.13 (a) Response time obtained with increasing glucose concentration in steps of
1.25 mM at La,O3 electrode and (b) detection time (less than 1 second).

Fig.3.14 displays the relationship between the electrocatalytic current and
different concentrations of glucose at La,Os film electrode. The current response was
linear at low concentration between 1.25-3.75 mM with excellent sensitivity of 616 pA
mM™ cm? and LOD of 0.27 mM as well as correlation coefficient of 0.9924 was
obtained. Higher concentrations between 3.75-11.25 mM, the sensitivity were 263 pA
mM™ cm™ with correlation coefficient (R) 0.98. The correlation coefficient describes how
one variable moves in relation to another. A correlation indicates that the two move in the
same direction, with +1 correlation when they move in pair. Rising the glucose
concentration, blocks mass transfer which affects the diffusion of fresh glucose molecules

near electrode surface.
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Figure 3.14 Current response verses the glucose concentration at La,O3 electrode with
two different slopes
At higher concentration of glucose(>11.25 mM), the i-t amperometric curve

reached its saturation point later current response is declined may be due to the adsorbed
intermediates [32]. Finally, we concluded that; the vertically aligned La,O3 nano-sheets
help fast electron transfer and more electrocatalytic active sites owing to higher specific
surface area to glucose oxidation.
3.8 Selectivity, reproducibility and stability:

The normal physiological glucose level in the human blood sample was about 3-8
mM. This was higher than those of lactose (Lac), fructose (Fru), and ascorbic acid (AA)
(ImM). To calculate the sensitivity, the interference effect of Fru, lac, and AA with
glucose was also studied in aqueous 1 M KOH solution at a potential of +0.43 V/SCE.

Fig. 3.15 displays glucose detection selectivity with Fru, Lac and AA at La,O; electrode.
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The current response for Fru, Lac and AA was also significantly lower as compare to
glucose. Thus, the electrodeposited La,O3 film electrode can be employed for glucose

detection in presence of other interferences.
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Figure 3.15 Plot of the La,O3 film electrode for successfully addition of glucose and

interferences in aqueous 1 M KOH solution at +0.43 VV/SCE

Lua et al. [33] prepared CuO derived from metal-organic framework (MOFW) for
non-enzymatic glucose sensing application that indicates excellent selectivity
performance. The response current density to 0.1 mM glucose concentration at potential
+0.55V was observed with addition of other interference such as Fru, Lac, AA, DA, UA,
NaCl. Felix et al. [34] synthesized novel CuO-N-doped graphene composite based
electrode for the enzymeless glucose detection. CuO-N doped graphene electrode

exhibits excellent selectivity performance towards glucose.
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Figure 3.16 (a) Bar graph of reproducibility and (b) stability graph in the presence of 1
mM glucose concentration of La,Os film electrode.

To examine the reproducibility of the La,Os film electrode, i-t amperometric
response of six similar fabricated electrodes were tested at identical condition. A result of
the experiments is shown in Fig. 3.16(a). A satisfactory reproducibility with a relative
standard deviation (RSD) of 2.5% was found that indicates the excellent reproducibility
of La,Os film electrode. To evaluate the long term stability of the La,Os film electrode, i-t
amperometric response was noted with and without 1 mM glucose concentration at
potential of +0.43 VV/SCE for 4000 s. After 1 mM glucose concentration, current response
is more than that of without glucose concentration. The La,O3 film electrode displays
linear characteristics and noble stability with retaining 84.56% of current response is as
shown in Fig. 3.16(b).

3.9 Conclusions:

The La,03 film electrodes were studied employing the scalable and inexpensive
cathodic ED method. The XRD peak pattern was displayed monoclinic phase with a
crystalline size (16.55 nm). As deposited film electrode displayed vertically aligned nano

sheets like structure. Further, the specific surface area of La,O; material (14.17 m? g%)
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with a meso-porous structure helped the diffusion of glucose molecule into La,O3 film
electrode that convert diffused glucose to oxidize into gluconolactone, an ideal process
designed for the numerical analysis of glucose detection was observed. Also, the La;Os
film electrode showed high sensitivity to glucose detection (616 pA mM™ cm?) with
LOD of 0.87 mM. The film electrode showed less quick response time. The La,O3 film
electrode can be used for the measurable detection of glucose molecule in the presence of
other interferrents. Later, La,O3 film electrode can be used as a potential candidate in
electrocatalytic non-enzymatic glucose sensing application.
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Chapter IV

4.1 Introduction:

During last few decades the environmental issues at the topmost level around the
world causing health and energy related problems more adverse. The academics,
scientists, and the industries are working together to address these issues consistently.
Enormous efforts were dedicated in materials science to develop new materials and to
find out applicability of the known materials in different forms for various purposes. The
properties of the materials at the nano/microlevel such as crystal structure and optical and
electrical properties have been utilized in many applications. Almost every appliance we
use in the daily life has two dimensional (2D) materials. Health, energy conversion and

storage devices intensively use 2D materials for sensors, charge storage, catalyst, etc [1].

Most of the peoples are suffering to diabetes disease which is growing worldwide
leading to a variety of complications including chronic damage to the heart, eyes,
kidneys, nerves, blood vessels, and other organs. The large increase in the diabetes
patient still attracts much attention to glucose sensing and the periodic monitoring of
glucose is essential for the diagnosis of diabetes [2-4]. Enzymatic sensors are
commercialized owing to their sensitivity and selectivity due to higher electrocatalytic
activity. These sensors suffer from elaborated enzyme immobilization process, stability,
pH, and high cost of the enzyme [5, 6]. On the other side, electrochemical non-enzymatic
sensors are also attracted enormously due to high sensitivity, good reproducibility, and
low cost. Hence, there is a need to develop cost-effective, fast respondent and accurate
non-enzymatic glucose sensors based on thin film.

Rare earth (RE) metal oxides have attractive prospects viz the optical, magnetic
and high electrical conductivity due to the variation in the valence states. Mathulakshami

et al. [7] synthesized lanthanum oxide nanoparticles from and rographis paniculata leaves
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extract and used for antibacterial activity applications. No et al. [8] synthesized
lanthanum oxide thin films using cyclic chemical vapor deposition and investigated
electrical properties. Nieminen et al. [9] prepared lanthanum oxide thin film using atomic
layer epitaxy on soda-lime glass substrate and studied its chemical stability in the
ambient air [10, 11]. RE metal oxide with variety in the composition, texture and
presence of 4f electron has attracted much attention in recent years [12].

The 2D materials like metals, metal oxide and alloy metals have been used for the
fabrication of non-enzymatic glucose sensors [13, 14] and charge storage applications
[15]. Nevertheless, these electrode materials have limitations as high cost, low sensitivity,
easy loss of activity, and surface poisoning from the adsorbed intermediates. One of RE
metal oxide, La,O3 has attracted much interest owing to its stability, non-toxicity, and
biocompatibility. A porous material have been developed using different methods such as
electrospinning [16], acoustic controlled micro bubbles generation method [17], ED [18],
and these methods leads to enhance sensing, catalysis and supercapacitive properties. On
the other hand, silver may provide more opportunities for electron transfer due to its good
electron conductivity [19]. The non-enzymatic electro-chemi-luminescence (ELC)
La,TiO3 Ago1 nanomaterial sensor exhibits excellent electrocatalytic properties such as
high sensitivity, low detection limit, wide linear range and good selectivity [20]. Nickel
nanoporous film electrode deposited on indium tin oxide plates by physical vapor
deposition method and used for non-enzymatic glucose sensing application [21]. Silver
nanoparticles have been used as conductive dopants in electrode materials for catalytic
efficiency for reduction [22]. Ag doping with manganese oxide significantly enhance
surface area, decrease resistive properties and improved capacitive behavior [23]. Lupan

et al. [24] synthesized Ag doping with zinc oxide by ED method and enhanced
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performance of nanosensor application. Demirci et al. [25] prepared Ag doping TiO; by
sol gel spin coating technique on Si substrate and used for photocatalytic application.
Salazar et al. [26] synthesized silver nanoparticles with modified reduced graphene oxide
nanoparticles by green synthesis method and used for H,O, sensing application. In this
framework we believe that the Ag doping in La materials is a promising approach in the
enhancement of the electrocatalytic activity for glucose detection. Presently yet there are
no such reports for the silver composite lanthanum material. Silver has highest
conductivity among noble metals.

In this chapter, a novel vertically grown nanoflakes of Ag-La,Os is prepared using
potentiostatic ED method and studied for its application for non-enzymatic glucose
sensing. The basic structural, morphological and elemental composition properties were
evaluated using XRD, XPS, FE-SEM, BET, and EDX.

4.2 Experimental Process:

All chemical reagents viz, lanthanum nitrate hexahydrate, silver nitrate, potassium
hydroxide, dextrose, fructose, lactose, ascorbic acid, and dopamine were purchased from
Thomas Beaker and used without further purification.

4.2.1 Material synthesis:

Synthesis of La,0O3 and Ag-La,Os thin films were carried out using simple and
facile ED method using three electrode system. Pt sheet, SCE and SS sheet were used as
counter, reference, and working electrodes, respectively. The cathodic ED was carried
out employing the CHI660E electrochemical workstation. Initially, SS substrate (305
grade) was mirror polished by grade 1000 polish paper, ultra-sonicated for 20 min and
sequentially washed using acetone, and DD water. After cleaning, the substrate was dried

in air and used for further deposition. Before deposition, we have taken LSV curve to
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observe exact deposition potential within the potential window (0 to -1.2 V vs. SCE) as

shown in Fig 4.1.
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Figure 4.1 LSV curves for precursor solution of lanthanum nitrate (black curve) and
silver-lanthanum nitrate (red curve) at 20 mV s™.

The 10% Ag solution was added in the lanthanum solution followed by LSV
curve. In this scan, the silver precursor solution does show increment in current at initial
potential, but both lanthanum and silver precursor solution does not show increment in
current at same potential. Then, increase negative potential the current increment start
was observed and reaches up to -0.8 V vs. SCE. The reduction of solution starts due to
nucleation process of silver. After that, the current increment start at -0.9 V vs. SCE was
observed and reaches up to -1.1 V vs. SCE. Silver precursor solution has lower current
response and lower negative potential compared to lanthanum precursor solution. So, the
deposition was take place at different potential -0.6 and -1 V vs. SCE for silver and

lanthanum respectively on the electrode surface. Firstly silver and after that lanthanum
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was deposited on the surface of the electrode. For ED of La,O3 film, 10 mM La(NO3);
was dissolved in 50 mL DD water and potential of -1.0 V vs. SCE was applied to
working electrode. For typical synthesis of 1, 3, 5, and 10% Ag doped La,Oj3 thin film,
separately prepared 0.01 M La(NO3), and 0.01 M Ag(NO); solutions were mixed
together in various volumetric ratios as 0:50, 0.5:49.5, 1.5:48.5 2.5:47.5 and 5:45 to

obtain final solution of 50 mL.

Zive MP1 electrochemical
workstation

E RE CE

Annealing
500°C

L3203

Applied potential = -1 V/SCE

Electrodeposition = Thin film deposited onwdy  Porous nanoflakes
SS substrate

Figure 4.2: Schematic presentation of ED method of La,O3; and Ag-La,O3 thin films.
The deposition was executed for 1 h. Uniform and adherent thin films were

deposited on SS substrate. The deposited films were annealed at 773K in air muffle
furnace for 2 h and used for further characterization. The schematic illustration of the ED

process, deposited films and morphology of La,O3 and Ag-La,O3 material is shown in

Fig. 4.2.
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4.2.2 Structural and physical characterization:

The Lay03 and Ag-La,Og3 thin films were characterized by XRD. The XRD patterns
were obtained using Rigaku miniflex-600 (CuKo, A=1.5406A° radiation). The surface
morphology was studied with FE-SEM (ISM-7001F, and JEOL). Elemental analysis was
carried out using EDX (X-max, Oxford instruments). Porosity of films was studied using
BET (Belsorp Il mini).

4.2.3 Electrochemical Measurement:

All electrochemical characterizations were carried out using three electrode
system on ZIVE MP1 multichannel electrochemical workstation with La,O3; and Ag-
La,O3 thin films as the working, Pt plate as a counter, and SCE as a reference electrodes.
The glucose sensing performance of thin film electrode was investigated in freshly
prepared 0.1 M aqueous NaOH electrolyte solution using CV, i-t amperometry
techniques. The CV study was carried out in the potential window from 0 to +0.5 V vs.
SCE for La,0O3 and Ag-La,O3 thin film electrodes. For glucose sensing, 40 mL of 0.1 M
NaOH electrolyte was taken in the glass cell and then glucose solution of different molar
concentrations (100 uM to 2.8 mM) was pipetted into the electrolyte to observe the
current response of the material. Similarly, for i-t experiment, 40 mL of 0.1 M NaOH
electrolyte was kept stirring at a constant speed of 310 rpm and potential of +0.43 V vs.
SCE was applied to the working electrode. The analytes of different molar concentrations
were added to the rotating solution to observe the sensing response of the electrode. The
interference study was executed by performing i-t experiment in the presence of different
interfering species such as ascorbic acid, fructose, lactose, and dopamine.

The limit of detection (LOD) calculated from plot of current density vs. glucose

concentration of the electrode by the equation;
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Limit of detection (uM) = 3'3;SD , (4.2)

where SD is standard deviation, y is the slop of calibration graph.

4.3 Results and Discussion:
4.3.1 Thin film formation mechanism:

La,O3 and Ag-La,O3; composite thin films were deposited on the SS substrate
through a mechanism of base (OH") electro-generation in nitrate solution. The possible
cathodic reactions for La(NO3); can be written in the following way.

NO; + H,0 +2e~ - NO; + 20H~ (4.2)

The above reaction results in the local pH increase near the SS electrode surface. The
increased OH" ions concentration forms La(OH)3 on the cathode surface as.

La*3® + 30H™ - La(OH); 4.3)
Moreover, to deposit Ag-La,O3 film 5 mL 10 mM AgNO; aqueous solution was added
into La*™® precursor. Further, deposited films were annealed at 773K in air muffle furnace
to form stoichiometric oxide.

4.3.2 XRD analysis:

The XRD patterns of La,O3 and Ag-La,O3 nanocomposite thin films are shown in
Fig. 4.3. The peaks in La,O3 diffraction patterns at (26) correspond (111), (401), (702),
(611) and (703), planes of monoclinic La,O3 and matches well with JCPDS card no. 22-
0641. The high intensity XRD peaks confirms the crystalline nature of La,O3 thin film.
The XRD pattern of nanocomposite Ag-La;O3 thin film show less intense peaks of
lanthanum oxide. Lack of intense peak indicates nanocrystalline amorphous nature of Ag-
La,03. No significant difference appeared in the XRD patterns of La,O3 and Ag-La,03

nanocomposite. The peaks marked by * corresponds to SS substrate.
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Figure 4.3: XRD patterns of La,O3 and Ag-La,O3 thin films

4.3.3 FE-SEM, EDX and elemental mapping analysis:

The surface morphology of pristine La,O3; and Ag-La,O3 thin films are shown in
Fig. 4.4. The surface of La,O; is composed of interconnected; vertically uneven
nanoflakes. The average length of the nanoflakes is about 1.4 pum as shown in Fig. 4.4a.
The topography of Ag-La,0Os3 thin film is shown in Fig. 4.4b. The morphology with the
composite of Ag, the average length to 1.3 um and thickness of the nanoflakes between
0.05 to 0.13 um. the average thickness of the nanoflakes appears to be decreased to 0.1
pm. The vertically nanoflakes creates path to the charge transfer through pores and

decreases contact resistance of the electrode, efficiently [27].
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Figure 4.4: FE-SEM images of (a) La,O3 at 15K X, (b) Ag-La,0Ozat 10KX magnification,

(c) EDX spectrum of La,O3, (d) EDX spectrum of Ag-La,Os thin film electrode
The EDX plays most important role for material identification and composition.
The EDX spectrum of La,Os thin film is shown in Fig. 4.4c. The atomic percentage of La
and O in LayO3 is 38.18 and 61.82 %, respectively nearly equal to ideal value of 40:60%.
The EDX of Ag-La,O3; composite thin film is presented in Fig. 4.4d. The atomic
percentages of O, La, and Ag elements are 60.04, 26.74, and 13.22 %, respectively. The
atomic ratio of La to Ag in the Ag-La,Os; nanocomposite film is 1:0.5. The EDX
confirmed the formation of La,O; and Ag-La,O3; nanocomposite thin films using ED

method. The elemental mapping of Ag-La,O3 nanocomposite thin film is shown in Fig.
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(4.5). It shows the uniform distribution of the silver, oxygen, and lanthanum; indicated

with green, red, and blue colors, respectively.

O K Series

La L ,Series ‘

Ag L Series

lum !

lum

Figure 4.5: Elemental mapping image show the distribution of oxygen, lanthanum and
silver
4.3.4 BET analysis:

The specific surface area, pore volume and pore size distribution of La,O3; and
Ag-La,O3 nanocomposite films were obtained using BET method by physical adsorption-
desorption of N gas at 77K. The pore volume and pore size distribution were calculated
by BJH method. Typical isotherm curves of La,O3; and Ag-La,O3; nanocomposite are
displayed in Fig. 4.6a and b. The isotherms observed for samples La,Oz and Ag-La,O3
are of the type-1V which confirms the mesoporous surface [28]. In addition, pore size

distributions are shown in Fig. 4.6¢c and d. The specific surface area of La,O3 and Ag-
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La,O3 nanocomposite samples are 14.17 and 22.45 m? g, respectively. The average pore
radius of La,O3 and Ag-La,O; samples are 39.26 and 19.97 nm, respectively that
predominantly indicate mesoporous nature of both the samples. Vertically grown Ag-
La,O3 nanoflakes improvise specific surface area due to decrease of pore radius; as a
result, Ag-La,O3 nanocomposite can avail more active sites for electrocatalysis and

electrochemical reactions.
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Figure 4.6: BET surface area analysis of (a) La;O3, (b) Ag-La,O3 samples, the BJH pore
size distribution plots of (c) La,O3, (d) Ag-La,O3 samples
4.4 The effect of Ag doping La,Oj3 thin film in electrochemical performance:

The CV study of La,03, 1, 3, and 5% Ag-La,Os3 film electrodes was carried out in
0.1 M aqueous NaOH electrolyte. All electrodes were scanned at scan rates from 10 to

100 mV s by varying applied potential between 0 to +0.5 V vs. SCE as shown in Fig
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4.7(a-d). It is visible that the current response of La,O3 electrode is less than that of 1, 3,
and 5% Ag-La,03 electrode. In other side, 1, 3 and 5% Ag doping La,Os3 film does not

show proper oxidation and reduction peaks as well the increment of current response.
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Figure 4.7 CV curves of (a) La;03, (b) 1%Ag- La,0s, (c) 3%Ag- La,03, and (d) 5%Ag-
La,O; film electrode at various scan rates from 10 to 100 mV s* in 0.1M NaOH
electrolyte.

Further, we have added 10% Ag solution in lanthanum precursor and deposition
take place. Then, we have taken the CV curve at the same potential window and
compared with La;0O3 1, 3 and 5% Ag doping La,Os3 film electrode. This reveals that 10%

Ag doping La,O3; improves electrochemical performance compared to other electrodes.
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Therefore, 10% Ag-La,Oj3 thin films electrode were selected for non-enzymatic glucose
sensing application.
4.5 Enzymeless glucose detection:

The CV study of La,O3; and Ag-La,O3 nanocomposite electrodes carried out in a
potential range of 0 to +0.5 V vs SCE at scan rate of 50 mV s is depicted in Fig. 4.8.
Ag-La,O3 nanocomposite shows increased current density than that of pristine La,Os.

The CV curves of both the electrodes contain visible redox peaks.
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Figure 4.8: The CV curves of La,0O3; and Ag-La,Ozat 50 mV stin 0.1 M NaOH

electrolyte.

This reveals that Ag-La,Os; electrode improves electrochemical response
compared to pristine La,O3 electrode. The CV curves of La,Oj3 electrode at different scan
rates (5-100 mV s™) are shown in Fig. 4.9. This shows that current density much lower

than that of Ag-La,Os.
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Figure 4.9: CV curves of La,05 electrode at different scan rates (5 to 100 mV s) in 0.1
M NaOH solution.

The CV curves of Ag-La,Os at various scan rates (10-100 mV s™) are shown in
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L

S
=]

Fig. 4.10a. With the rise of scan rates oxidation peaks shift toward more positive side and
reduction peaks toward the more negative side. No other electrochemical peaks are
observed, which suggest that the presence of Ag element inside of the nanostructure has
no individual electrochemistry in the oxidation and reduction of electrolyte. It has
combined effect with Ag™ and La*® ions towards oxidation of electrolyte. The possible
electrocatalytic oxidation of glucose due to La(lll) ions is described with the following

reaction [18].

La,05 + H,0 — 2La00H (4.4)
LaOOH +20H < LaO(OH)! + 3e- (4.5)
LaO(OH)3 + CcH1,04 + e = LaOOH + CgH,,0¢ + 2H,0 (4.6)
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This phenomenon ascribed for glucose oxidation to glucanolactone, which is able
to the conversion of La (V) to La (I11). As it is well know that Ag element is excellent
catalytic material due to their intrinsic unshared and unfilled ‘‘d’’ orbital electrons [19].
Therefore, the oxidation peak current of the Ag-La,O3; material shows more enhanced
current values than the oxidation peak current of pristine La,O3. The performance of
glucose sensing activity with and without different glucose concentration (0.4 mM to 2
mM) in 0.1 M NaOH electrolyte is shown in Fig. 4.10b, and the electrocatalytic peaks at

+0.43 V vs SCE were increased with increasing concentration of glucose in 0.1 M NaOH

electrolyte.
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Figure 4.10: The CV curves of Ag-La,0s at (a) different scan rates (10-100 mV s™) and
(b) different glucose concentration at fixed scan rate of 50 mV s™.

The i-t amperometric study of Ag-La,O3 electrode was executed at +0.43 V vs
SCE. The glucose solution of different molar concentrations from 100 uM to 2.8 mM
was injected into 0.1 M NaOH solution with a regular interval of 60 s, producing
staircase-like graph as depicted in Fig. 4.11a. The Ag-La,O3 electrode reveals a good

electrocatalytic multi-linear response towards glucose in the ranges of 100 uM to 600 uM
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and 600 uM to 1.6 mM. These experimental results are shown in Fig. 4.11b, where the
current response found to be linear in wide range of concentration from 100 uM to 600
UM with a high sensitivity of 1677 pA mM™ cm?and a correlation coefficient of 0.9910.
Similarly, another linear behavior for high concentration of glucose ranged from 600 puM
to 1.6 mM with a sensitivity of 1022 pA mM™ cm™ and a correlation coefficient of
0.9967 was measured. Additionally, limit of detection for lower as well as higher
concentration of glucose was calculated to be 0.62 uM and 1.09 uM respectively using

equation (1).
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Figure 4.11: (a) Current verses time measurement at +0.43 V vs SCE with successive
addition of 100 uM of glucose in 60 s time intervals, (b) calibration graph of dependence
on current with respect to glucose concentration.

The steady state response time of ~5s was observed for the course of addition of
glucose which highlights very fast electron transfer on electrode surface. In particular,
while increasing the glucose concentration, initially the anodic current density response
increases but shows non-linearity above the concentration of 1.6 mM may be due to the
limit generated from saturation of number of catalytic sites for oxidation [29]. The

enhanced electrical conductivity, surface area and sensing performance are due to Ag
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composite and vertically grown Ag-La,O3 nanoflakes film electrode. As the thickness of
shell layer in the nanoregion results with active surface area which can provide more
reactive sites for redox reaction and electrocatalytic activity [30]. Therefore, it can be
concluded that; vertically grown Ag-La,O3 nanoflakes facilitate fast electron transfer and
more electrochemical active sites due to higher specific surface area for glucose
oxidation.
4.6 Selectivity, stability and reproducibility:

In real samples, the oxidizable compounds such as ascorbic acid (AA), dopamine
(DA) and other carbohydrates such as lactose (Lac), fructose (Fru), often interfere with
the analysis of glucose. So, to investigate the selectivity of the sensor, the i-t
amperometric responses toward the addition of 500 uM glucose, ascorbic acid, fructose,
lactose, and dopamine were examined in 0.1 M NaOH solution at a potential of +0.43 V.
It is observed from Fig. 4.12a, that response current for AA, Fru, Lac, and DA are
significantly lower than that of glucose. All the results demonstrated that, the selectivity
of the sensor for glucose detection is satisfying. The above consequence indicates that
Ag-La,O3 electrode has a good selectivity for glucose during the detection. In an attempt
to evaluate the long term stability of the electrode, the i-t amperometric response was
recorded in 100 uM glucose concentration (black line) and without glucose concentration
(red line) at +0.43 V vs SCE for 3600 s and the result is shown in Fig. 4.12b. The graph
clearly indicates that the Ag-La,Os; electrode offers linear characteristics for glucose
oxidation. To evaluate reproducibility and reliability of Ag-La,Os; electrode, i-t
amperometric response of six similar electrodes were carried out at identical conditions.
Result of the experiment is shown in Fig. 4.12c. The relative standard deviation (RSD) of

4.3% was obtained indicating the excellent reproducibility of Ag-La,O3 electrodes.
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Figure 4.12: (a) i-t amperometric response of Ag-La,O3 electrode for successive addition

of glucose and interferences in 0.1 M NaOH at +0.43 V vs SCE, (b) stability graph in

presence of 500 pM glucose concentrations in 0.1 M NaOH solution, and (c)

reproducibility of Ag-La,Og3electrodes in 100 uM glucose concentration.

4.7 Conclusions:

In this study, we demonstrate that the Ag composition affects crystal structure of
electrodeposited La,O3 thin film and it becomes nanocrystalline amorphous nature but
topography of the film remains similar. Along with physical properties, enhancement in
electrocatalytic and electrochemical properties of the La,O; was observed after Ag
composite. The electrocatalytic oxidation of glucose at the electrode was investigated and
the supercapacitor properties were discussed. The sensing performance of Ag-La,O3 film

electrode at +0.43 V vs. SCE revealed a high sensitivity (1677 pA mM™ cm™) and good
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reproducibility in glucose determination in a wide linear range of 100 uM to 2.8 mM
with a LOD of 0.62 uM. This result reveals that vertically grown Ag-La,Oz film
electrode is applicable for glucose sensing application.
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Chapter V

5.1 Introduction:

Diabetes mellitus affects millions of peoples worldwide. The international
diabetes federation (IDF) reported that diabetes is the leading cause of death for 5 million
people in 2015 [1]. But it is an often underestimated as low risk diseases. Due to
pendamic in last two year it gained intension of common people due to comorbidities.
Till today, continuous monitoring of glucose molecule is the most important universal
way to restrain the severe effects of diabetes on life. There are several methods are
available for access of blood glucose level. The most prominent technique being come
forward in the past few years is electrochemical oxidation of glucose due to its high
sensitivity, easy detection of low glucose concentration in the sample, favorable response
time, and cost-effectiveness [2, 3]. There are two categories of glucose sensors viz.
enzymatic and non-enzymatic sensors. The enzymatic glucose sensor possesses high
sensitivity and selectivity but suffers from some distinct disadvantages such as
immobilization process of enzyme, poor long term stability, difficulty to maintain pH,
humidity, and high storage cost. The non-enzymatic glucose sensors have advantages in
terms of high sensitivity, long-term stability, low detection limit (LOD), and reusability.
However, some drawbacks likes surface poisoning, temperature dependence, structural
stability, and consistent decreasing sensitivity loss are observed for non-enzymatic
glucose sensors. In that context, academics and researchers joined hands with industries
to overcome some of these drawbacks.

The surface texture, electrical conductivity, temperature dependence, and
electrochemical stability plays important role in non-enzymatic glucose detection. The
tunable redox-activity of lanthanum and manganese can be used to enhance their

electrochemical/electrocatalytic behavior. Furthermore, higher valence states and narrow
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band gap may lead to improved electrical conductivity. Such transition metal-like
properties of La based oxides make a significantly better electrocatalyst [4]. Metal oxide
based materials can easily transfer electrons during the electrooxidation process as
material changes the valence state. Apart from transition metal doping, the electrode
materials can enhance electrocatalytic performance owing to multiple oxidation state as
well as conducting elements [5].

Jadhav et al. [6] synthesized Ag-doped La,O3 film electrode via ED method and
used for enzymeless glucose detection and energy storage application. Jaffar et al. [7]
synthesized bismuth (Bi) doped La,O3 particle by sol- gel method and evaluated for
optical properties. Doping of Bi ions enhanced the optical performance of La,O3; material.
Schucker et al. [8] prepared strontium (Sr) doped La,O3 material and described elemental
activity and selectivity of the Sr ion to provide more active sites that leads to increase
catalytic properties. Jbeli et al. [9] synthesized Co doped La,O3 film electrode via spray
pyrolysis method and used for anti-bacterial and photocatalytic applications. As
aforementioned, doping of metal ions can show internal changes such as crystal structure,
morphology, electrochemical activity, and electrical conductivity. Yang et al. [10]
synthesized reduced graphene oxide/La,O3 material by hydrothermal reduction approach
for highly stable innovative of rechargeable lithium-sulfur batteries. Considerable
redoxactive mechanisms have been employed for the glucose electrooxidation process
[11, 12]. Lanthanum and manganese based materials were used for catalytic and
electrochemical applications. Shaterian et al. [13] synthesized LaMnO3 nanoparticles by
sol-gel method for photocatalytic application. Mefford et al. [14] prepared LaMnOj3 by
reverse phase hydrolysis method and evaluated it for practical pseudocapacitors

application. Ashok et al. [15] synthesized LaMnOj3 nanoparticle using the salt-assisted
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combustion method and tested for fuel cell and charge storage application. Mane et al.
[16] synthesized lanthanum doped manganese oxide thin film electrode using SILAR
method for energy storage application.

Previous reports are related to the facile ED methods such as potentiostatic,
galvanostatic, CV, chrono-amperometric, and potential reversal ED methods [17].
Anuratha et al. [18] reported synthesis of NiCo,04 nanocomposite with hyper-branched
flower-like morphology by the facile multipotential ED method. One step reversible ED
method for synthesis of amorphous nickel cobalt sulfide on fluorine doped tin oxide
reported by Jiang et al. [19] exhibited high-efficiency in dye sensitized solar cell
application. The electrocatalytic activity of electrode material is affected not only by two
or more structure, but also by its appearance such its morphology, grain boundaries, and
porous structure. Extensive network-like structure, high porosity, and 3D mesoporous
structure can provide huge electrocatalytic active sites which leads easy electron transfer
rate and decrease in charge transfer resistance [20].

In this chapter, we have adopted facile multipotential ED method to prepare
binder-free La,O3 with Mn on SS substrate. The formation of Mn-La,O3 electrodes was
confirmed by various characterization techniques like XRD, FE-SEM, EDX, and XPS.
Furthermore, thin films were employed for non-enzymatic glucose detection using
standard three electrode system. Glucose detection from real blood sample were
evaluated using best performing thin film electrode
5.2 Experimental details:

5.2.1 Materials:
All reagents of analytical grate, e.g. lanthanum nitrate hexahydrate

(La(NOs)3-6H,0), manganese nitrate tetrahydrate (Mn(NO3),-4H,0, NaOH, glucose,
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Fru, Lac, AA, and DA of analytical grade were purchased from Thomas Baker (India)
and used as received.
5.2.2 Synthesis of La,O3, and Mn-La,Os:

Multipotential step ED technique was used to deposit pure La,O3; and Mn-doped
La,Og3 trhin film. Deposition was carried out at room temperature. Doping concentration
of Mn was varies from 1 to 5 volume % (Vol%). A typical three electrode system
composed of SS substrate, Pt sheet, and SCE were used in which SS is a working, Pt is an
counter, and SCE as reference electrode. The cathodic and anodic ED was carried out
employing the CHIG60E electrochemical workstation. The detail explanation and
deposition growth mechanism of La,O3 thin film is given to the chapter no. Ill. For
deposition of Mn doped La,03 thin films, separately prepared 0.01M manganese nitrate
and 0.01 M lanthanum nitrate solutions were mixed together in volumetric ratios of 0:50,
0.5:49.5, 1.5:48.5, and 2.5:47.5, to obtain final solution of 50 mL. The modified
multipotential step technique was carried out to deposit manganese at +0.8 V/SCE and
lanthanum at -1 V/SCE potential. The deposition time for manganese was 30 s, and that
for lanthanum was 60 s. the deposition curve for Mn and La,O3 is shown in in Fig. 5.1.

After 30 cycles of deposition, uniform and adherent thin film was deposited on SS
substrate. The thin films were annealed at temperature of 573 K in air atmosphere for 2 h
and used for further characterizations.

The electrochemical reduction of aqueous nitrate solution equation was described
by Sasaki et al. [21] and Therese et al. [22]. The reaction mechanism can be divided in to
two groups; first reaction is related to the nitrate solution reduction and second related to
the hydrogen evolution.

NO3 + H,0 +2e~ — NOj + 20H" E° = -0.88V vs SCE (5.1)

Page 120



Chapter V

H,0 4+ 2e~ - 20H™ + H, E°=-0.40 V (5.2)
The above both reactions release OH" ion and it lead to an increase pH of the
solution close to the electrode. Therefore, metal ions present in the solution that can
electrodeposited by anodic and cathodic applied potential to the electrode.
Hydroxide/oxide material was deposited on the electrode surface and thicknesses of the
coating can be easily varied from nano to micrometers.
M™ +nOH~ - M(OH™), M = Metal ions (La, Mn) (5.3)
The reaction of nitrate reduction was occurring at negative potential of -0.17
V/ISCE then it was less than that of lanthanum deposition potential -1V/SCE. The
different deposition potential for lanthanum and manganese was selected as -1 and 0.8

V/SCE respectively.
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Fig. 5.1: Deposition curve of 1% Mn doped La,03 film electrode on SS substrate

Jadhav et al. [10] synthesized lanthanum oxide film electrode by cathodic ED

method at -1 V/SCE and used for glucose sensing application. Jadhav et al. [23] prepared
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manganese oxide by anodic ED method at 0.8 VV/SCE and also used for glucose sensing
application. Thus, nitrate reduction promising to control the pH increment, leading to
formation of hydroxide precipitates. In that regards, we have selected simple
multipotential ED technique for deposition of Mn-La,O3 film electrode on SS substrate.
This technique is employed for simultaneous anodic and cathodic metal ions deposition
that can lead to form the doping, composite or hybrid materials.

5.2.3 Structural and physical characterization:

The details characterization techniques were explained in previous chapter Ill
(Section-3.4)

5.2.4 Electrochemical measurement:

The non-enzymatic glucose sensing performance of film electrode was studied
using CV and i-t amperometry techniques in freshly prepared 0.1 M aqueous NaOH
solution. The CV experiments were carried out in the optimized potential window from 0
to +0.5 V/SCE. For glucose sensing, freshly prepared 40 ml of 0.1 M NaOH solution was
taken in the glass cell and then glucose solution was injected into the electrolyte at
different molar concentrations (50 to 950 uM) to observe the current response of the
electrode. Similarly, for i-t amperometry experiment, 40 ml of 0.1 M NaOH electrolyte
was taken in the glass cell and kept stirring at a constant speed of 300 rpm and optimized
potential +0.41 V/SCE were applied to the working electrode. The analytes were injected
to the rotating solution at different molar concentrations to observe the sensing response
of the materials at different potentials. The interference study was executed by
performing i-t experiment in the presence of different interfering species such as AA,
Fru, Lac, and DA. The LOD of analyte was calculated using the equation no. 4.1.

Standard deviation of the analyte concentration calculated from current response of the
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consecutive addition of glucose into the electrolyte and the sensitivity of the electrode
was calculated by the slope of the calibration curve.

5.3 Results and discussion:

5.3.1 XRD analysis:

The XRD patterns of La,O3, 1, 3, 5% Mn-doped La,Oj thin films deposited on SS
substrates are shown in Fig. 5.2. The diffraction peaks are associated with hexagonal and
monoclinic crystal structures of La,O3. The diffraction peaks for planes (002), (110), and
(200) correspond to hexagonal La,O3 (JCPDS cards no 00-002-0688) and (301), (303),
and (404) to monoclinic La,O3; (JCPDS cards no 00-022-0641). The ionic radius of La
(1.06A°) is higher than Mn ion due to substitutional doping of Mn ion in La,O3 lattice
interface. The high intensity peaks of La,Os; were reduced by increasing Mn

concentration due to disturbed crystal structure of La,Os.

— La,0,
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— 3% Mn-La,0,
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Fig. 5.2 The XRD patterns of (a) La,O3, b) 1% Mn- La,O3, ¢) 3% Mn-La,03, and d) 5%
Mn-La,O4 thin films on SS substrate.
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5.3.2 FE-SEM and EDX analysis:

The surface texture of electrodeposited thin films is shown in Fig. 5.3. The FE-
SEM images of (a, b) La,03 (c, d) 1% Mn-La,03, (e, ) 3% Mn-La,03 and (g, h) 5% Mn-
La,O3 films at different magnifications (10 kX and 70 kX) are shown in Fig 5.3. The
above films were deposited under similar condition; surface pore texture of 1% Mn-
La,O3 was more than other films that can helps for to enhance the electrocatalytic
performance. Vertically grown nanoflakes like network are randomly distributed over the
SS substrate. After addition of Mn ions, no drastic changes observed in morphology and
these nanoflakes formed the sheet-on-sheet porous network in all electrodes. Such flakes-
like nanostructure leads to uneven surface of the electrode which enhances glucose
sensing properties due to good surface to volume ratio and reduced contact resistance
[26]. Even distribution of all the constituent elements indicates uniform composition of
thin film.

The chemical composition of the deposited thin film was investigated by EDX
analysis as shown in Fig. 5.4. The La,O3 sample shows lanthanum, and oxygen elements,
and confirms formation of La,O3 as shown in Fig. 5.4(a). The surface composition of 1%
Mn-La,O3 thin film electrode was investigated. The presence of La, O, and Mn was
confirmed. 1.45 atomic % of Mn was present in La,Os thin film as shown in Fig. 5.4(b).
The surface composition of 3% Mn-La,O3 electrode was investigated. 3.08 atomic % of
Mn was present in La,Os thin film as shown in Fig. 5.4(c). Similarly, the surface
composition of 5% Mn-La,O3 electrode was investigated. 5.54 atomic % of Mn was

present in La,O3 thin film as shown in Fig. 5.4(d).
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Fig. 5.3 The FE-SEM images of (a, b) La,Os, (c, d) 1% Mn-La,0O3 and (e, f) 3% Mn-
La,Osand (g, h) 5% Mn-La,0s at different magnifications.
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Fig. 5.4 The EDX spectra of (a) La;O3 (b) 1, (c) 3 and (d) 5% Mn-La,0O3 thin film
electrodes
5.3.3 XPS analysis:

The XPS analysis of 1% Mn-La,O3 film electrode was carried out to understand
the oxidation states of constituent elements. Wide range XPS spectrum displayed in Fig.
5.5a reveals an existence of oxygen, lanthanum and manganese elements in the film. The
XPS spectrum of La3d is displayed in Fig. 5.5b. The spectrum is deconvolated into two
peaks at 838.69 and 855.54 eVs proportional to La3ds;, and La3ds,, respectively. The
energy separation of 16.85 eV between two peaks again confirms presence La in La3ds,
and La3ds, states [27]. Very less amount of Mn ions (1.45atomic %) cannot be detected
in XPS. Hence peak from Mn is absent is as shown in Fig. 5.5c. The typical high
resolution oxygen spectrum is presented in Fig. 5.5d. The main O 1s peak is due to oxide
La-O-La bond (529.9 eV), hydroxide C-OH bond (531.31 eV), and carboxyl (O-C=0)
bond (532.97 eV). These outcomes are in agreement accompanied by XPS characteristics

of La,O3 presented by Maih et al. [28].
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Fig. 5.5 The XPS spectrum of 1% Mn-La,0O3 electrode, XPS spectrum of b) La3d, ¢) Mn,
and d) O
5.4 Enzymeless glucose detection:

5.4.1 The CV study of La,03, 1, 3, and 5% Mn-La,0; electrodes:

The CV study of La,03, 1, 3, and 5% Mn-La,O3 film electrodes was carried out in
0.1 M aqueous NaOH electrolyte. All electrodes were scanned at scan rates from 5 to 150
mV s by varying applied potential between 0 to +0.5 V/SCE as shown in Fig 5.6a-d.
Fig. 5.7 displays the CV curves within the potential window 0 to +0.5 V/SCE for La,03,

1, 3, and 5% Mn-La,Oj thin film electrodes at the scan rate of 50 mV s™.
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Fig. 5.6: CVs studies of a) La,O3 b) 1% Mn-La,03 ¢) 3% Mn-La,03 d) 5% Mn-La,03
film electrode at various scan rates (5 to 150 mV s) in 0.1 M NaOH solution.

It is visible that the current response of La,Oj3 electrode is less than that of 1%
Mn-La,O;3 electrode. Notably, 1% Mn-La,O3 film electrode has the larger area enclosed
by the CV curve as compared to other electrodes. This reveals that 1% Mn-La,03;
improves electrochemical response compared to other electrodes. Therefore, 1% Mn-

La,O3 film was selected for electrocatalytic activity towards glucose.
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Fig. 5.7: The CV curves of La,03 1, 3, and 5% Mn-La,Os electrodes at the scan rate of
50 mVs™

5.4.2 Electrocatalytic activity of 1% Mn-La,0O; electrode towards glucose sensing:

The CV study of 1% Mn-La,Oj3 electrode was performed in the potential range of 0 to
+0.5 V/SCE at the scan rates between 10 to 200 mV s™ as showed in Fig. 5.8a. It is
observed that, the current density increased with the increasing the potential scan rate. In
that case, the area under the curve (1% Mn-doped La,O3) represents the total area
employed for the electrocatalytic process. In addition, Fig. 5.8b shows the plot of log Ipa
vs. log v. It can be explained using equation (5.4).

I, = av® (5.4)

The value of b is determined from slope of log Ipa vs. log v. In equation (5.4), ‘a’ and

‘b’ are the coefficients, if slope value of b is ~1 then the maximum catalytic reactions

occur on surface of the material due to the adsorption process. On the other hand, if slope
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value of b is ~0.5 then the maximum reaction mechanism is by diffusion controlled
process. From the slope of graph, the value of b is 0.95 indicating maximum reaction
occurred through a surface adsorption process. In that context, there is exact mechanism
process for electro-oxidation of glucose on 1% Mn-La,O3 electrode surface in alkaline
medium. Also, deprotonation and isomerization of glucose molecule is the electro
catalyzed through oxidative Mn and La ions in the electrode, resulting adsorption process
and removal of glucose molecule in the bulk electrolyte trailed by the rebuilding of active
sites during the negative scan [29, 30].

To determine the oxidation potential of glucose in the electrolyte, the CV curves were
carried out at different glucose concentrations at the scan rate of 50 mV s™. Current
response of the electrode was increased with increasing the glucose concentration.
Instead of separate electrocatalytic response from Mn?* and La®*, single oxidation and
reduction peaks were observed (Fig. 5.8c). These observations suggest the existence of
Mn elements inside the nanostructure of La,O3 has shown combined electrochemistry.
The possible reaction of a glucose molecule with Mn and La has been explained with the

following reaction.

La,05;+ H,0 — 2La0O0OH (5.5)
LaOOH +20H™ & LaO(0OH)} + 3e~ (5.6)
LaO(OH)} + C4Hy204 + e~ — LaOOH + C4Hyy04 + 2H,0 (5.7)

This phenomenon assigned for glucose oxidation to glucanolactone. Further
glucanolactone converts into gluconic acid by hydrolyzing process [31]. The reaction

mechanism for this process can be written as:

Hydrolyzation . .
Glucanolactone —— Gluconic acid (5.8)
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Fig. 5.8 a) The CV curves of 1% Mn-La,Os at various scan rates (5 to 150 mV s™), b) log
Ipa vs. log v (c) the CV curves in absence and presence of glucose at the fix scan rate of

50 mV s, d) current vs. time measurement at potential +0.41 V/SCE with successive
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addition of 50 uM of glucose in 60 s time intervals, ¢) calibration curve, and f) response
time curve of 1% Mn-La,O3 film electrode in 0.1 M NaOH electrolyte.
In addition to this, i-t amperometric (Fig. 5.8d) technique was employed to

investigate catalytic response of the electrode after successive addition of glucose
concentration in the range of 50 to 950 uM. To achieving reliable and accurate steady
state response. This study was performed at potential of +0.41 V/SCE on 0.1 M NaOH
electrolyte under the constant stirring (310 rpm). The highly stable steady-state response
iIs 96%. Rise in current response with increasing glucose concentration indicates that
linear characteristics of electrode material towards glucose molecule.

The calibration curve for the 1% Mn-La,Os electrode is shown in Fig.5.8e. Linear fit
of the calibration plot in the glucose concentration range of 50 to 950 pM (R?=0.9988)
yield that sensitivity of the glucose detection 1985 pA mM™ cm™ with LOD 32 puM. wide
linear response of 1% Mn-La,Oj3 electrode is due to vertical sheet-like morphology which
provide huge electroactive site for oxidation of glucose. The shorter response time of ~15
s was obtained for the electrode (Fig. 5.8f) due to combined effect of La** and Mn*" ions.

1% Mn-La,03 electrode was investigated for long term stability as displayed in
Fig.5.9a. The catalytic stability of the electrode was evaluated using various glucose
concentrations ranging from between 0.1 to 2.0 mM for 1h. Linearity in the current
response indicate negligible surface poising to deteriorate inefficiency in long term
stability. Therefore, these films can be deemed as a promising material for enzyme-less
glucose sensing application. To understand mechanism of electrocatalytic oxidation of
glucose and to check the catalytic rate constant, the catalytic rate constant (Kg) was

calculated using equation (5.9) [32].

Icat £l £l
Lot — ﬂz*(Kcat*C*t)z 5.9

Iy,
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It is the slope of lea/1. Vs. tY2 (Fig. 5.9b). The estimated Kca value for 0.5, 1, 1.5, and
2 mM glucose concentration were 306, 1281, 1373 and 1936 cm® M™ s, respectively.
The exponential characteristic of the i-t curve with increasing current density with the
concentration of glucose appeared on the surface of the electrode due to the
electrocatalytic properties of the material. Fig. 5.9c shows plot of K vs. glucose
concentrations. The value of Ky is depends upon the amount of glucose concentrations,

type and concentration of supporting electrolyte.
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Fig. 5.9 a) i-t amperometric curve obtained at 1% Mn-La,O3; film electrode in the
presence of 0, 0.5, 1.0, 1.5, and 2.0 mM glucose concentrations, (b) lea/lL Vvs. t*2 plot
obtained from i-t amperometric data for 0.5, 1.0, 1.5, and 2.0 mM glucose concentrations,

and (c) catalytic rate constant vs. concentration of glucose.
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5.4.3 Selectivity, reputability and reproducibility studies of the 1% Mn-La,O3 thin
film electrodes:

The two important and stimulating aspects of the enzymeless glucose detection
are to measure the glucose concentration from human blood serum sample and to
enhance long term stability of the film electrode. Various components basically found in
human serum sample that can be interfere with glucose sensing as they are strong
oxidizing agents similar to glucose molecule. Such common interfering species like Fru,
Lac, AA, and DA usually coexist with glucose in real samples. The selectivity was
studied by adding 250 uM of interfering species towards glucose under constant stirring.
The 1% Mn-La,03 electrode reaches maximum steady state current within 15 s. Later,
common intereferent species of quantity 250 UM were successively injected in solution.
It showed insignificant amperometric responses for other interferent species (Fig. 5.10a).
The result indicates good selectivity of 1% Mn-La,O3 electrode for enzymeless glucose
sensing application.

The long-term stability of 1% Mn-La,O3 electrode over 36 days was observed
with the addition of 50 uM glucose. Current response was set to 100% on the first day
and current responses were normalized to the same concentration for other days as shown
in the Fig. 5.10b, indicates that the current response of the 1% Mn-La,0O3 electrodes were
about 95% after 36 days suggesting that these electrodes exhibits good relability for
oxidation of glucose. Further, we prepared (1% Mn-La,O3) six electrodes at same
condition and tested for glucose sensing as shown in Fig. 5.10c. To evaluate
reproducibility of the electrodes was tested for glucose detection and corresponding
relative standard deviation (RSD) of 2.6% indicates excellent reproducibility of the 1%

Mn-La,O3 electrode.
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Fig. 5.10 a) i-t amperometric response of 1% Mn-La,O3 film electrode for successive
addition of glucose and interferences, b) long term stability graph of during 36 days by
adding 100 pM glucose concentration, and c) current response at 5 different electrodes.
5.5 Conclusions:

We have successfully demonstrated a simple process for preparation of Mn-doped
La,O3 film electrodes on SS substrate using facile multipotential ED method. The
multiple active sites available in 1% Mn-La,O5 film lead to the enhanced electrocatalytic

performance towards glucose oxidation. The catalyst showed high sensitivity of 1985 pA
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mM™ cm? with wide linear range of 50 to 950 uM and LOD 32 pM. Besides, this

material shows excellent selectivity, stability and K¢, towards glucose oxidation. The

vertically grown nanoflakes of 1% Mn-La,O3 film electrode showed remarkable catalytic

resultsdetermination of glucose detection.
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Chapter VI

6.1 Introduction:

Glucose is a principle energy source even for the brain and human body and
called simple monosaccharide sugar. Carbohydrates present in the foods are all ultimately
broken do to glucose in the body [1]. If any person is looking to manage his blood
glucose level, then it becomes more important to compare his intake of both sugar and
carbohydrate. Low blood glucose level leads to hunger, anxiety, and confusion. In other
side, high blood glucose can lead to increased fatigue, thirst, and blurred vision. Diabetes
is generally called a chronic disease that can be destructive to human health, social, and
economic consequences. In the human body, D-glucose is important for its role in
metabolic homeostasis; it takes action as stimulate in living systems and also maintains
functioning of the human body properly when consumed or by the way of formation
other essential saccharides by biosynthesis technique [2]. When stimulate by human cells,
glucose can be broken down (glycolysis) to yield energy and it is converted into other
metabolites such as metabolic intermediates to form cellulose and starch over all by
biosynthesis to function properly. In human beings, apart from existing in free form,
glucose molecules covalently link to the lipids (glycolipids) and proteins (glycoproteins)
and also with another biological molecule as glycol-conjugates, which have crucial role
in structure components of cell membranes and are mostly involved in the structure of
intercellular recognition [3, 4]. Non-enzymatic glucose sensing with nanostructured Ag-
La,O3 film electrode have a longer lifetime than enzymatic glucose sensing electrodes as
they do not contain biological component. To improve the efficiency, durability and
reusable capacity of the glucose diagnosing electrodes by reducing its complications and
alleviate its symptoms all through appropriate medications while monitoring glucose of

the blood sample, to deal with decisions to control glucose [5]. Here, with above aim
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said, we have attempted to develop Ag-La,O; and Mn-La,0O3 thin film electrode for
glucose sensing. Ag-La,O3 and Mn-La,03 thin film electrodes were successfully used to
determine glucose detection of the real human blood sample.

6.2 Experimental:

Detailed preparation, characterization and glucose sensing of Ag-La,O3; and Mn-
La O3 thin film electrodes are presented in chapter IV and chapter V respectively.

The human blood samples were collected from D Y Patil Hospital and Research
Centre, Kolhapur. These samples were stored in the blood bulb tube containing sodium
fluoride. Sodium fluoride stabilizes the whole blood glucose molecule, and is widely used
as a preservative for glucose in blood samples. Blood samples were taken in the range of
60 to 300 mg/dl and used within 30 min for the detection of glucose.

6.3 Real sample analysis:

Glucose sensing experiments using human blood samples have been carried out
using VersaSTAT electrochemical workstation that provides more reliable detailed i-t
amperometry data. Six different human blood samples were collected randomly from the
blood bank in Kolhapur and glucose level was checked from the commercial glucometer.
We have taken blood samples from diabetes patient with glucose levels ranging from 90-
300 mg/dL. Both sets of units (mg/dL and mmol/L) are used to measure the blood sugar
levels and also both give a measurement of the concentration of glucose in the blood
samples, albeit in faintly different ways. mmol/L unit gives the molarity that is the
number of glucose molecules of a substance within a specified volume within 1 litre.
mg/dL unit gives the concentration by the weight to volume ratio, in this case milligrams
per decilitre. The unit of mmol/L is mostly common used measurement in UK, and

mg/dL is largely used in USA and in other European countries.
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Essential experimental requirements are glass cells, three-electrode systems with

reference, counter and working electrodes, hand gloves, micropipette, and magnetic

stirrers.

The Ag-La,O3; and Mn-La,O3; film electrodes were employed to monitor the

glucose level present in the human blood samples.

Detail experimental procedure is given below:

1)

2)

3)

4)

5)

6)

7)

8)

The human blood samples (2 mL) collected from blood bank (D Y Patil Hospital and
research centre Kolhapur with institutional ethical permission).

These samples were stored in regular fridge machine and temperature was maintained
at 4°C.

i-t amperometry technique was selected during the detection of glucose present in
human blood sample.

Three electrode system was connected to the counter, reference and working
electrodes.

50 pL of blood samples was added in 40 mL of 0.1 M NaOH electrolyte and current
responses of Ag-La,O; and Mn-La,O3; electrode at +0.43 and +0.41 V/SCE,
respectively were recorded

Glucose sensing experiment was carried out from whole blood at oxidation potentials
of Ag-La,O3; and Mn-La, O3 film electrodes with constant stirring (310 rpm).

The i-t amperometric experiment was performed without blood in supporting
electrolyte.

Then, i-t amperometric experiment was performed with blood measure the actual

current of the glucose during oxidation.
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9) After experiment, the difference in current response with and without blood was
calibrated and compared with commercial glucometer.

The above experimental procedure was carried out for both electrodes in whole
human blood samples. Figs. 6.1A, B, C, D, E, and F show i-t curves of both electrodes
with and without blood sample, as a result both electrodes exhibiting different current
responses. The difference in current response was measured in terms of current density
and calibrated for further analysis.

Lower as well as higher glucose concentrations, Ag-La,O3; and Mn-La,O3 film
electrodes showed similar magnitude of current response for the human blood samples.
With 50 uL blood sample in the supporting electrolyte, only glucose molecules was
dissociated and also that the converted into the gluconolactone because of the oxidation
of glucose molecules and reduction of ions, glucose molecules was detection by the
electrode materials. The redox of lanthanum and glucose molecule from the human
samples occurs simultaneously in the working potential. The rate of oxidation of
lanthanum ions presents on the film electrode surface determines the rate of detection of
glucose. However, the detection of glucose molecules is a intrinsic electrochemical
properties of the material and the rate of detection of glucose molecules present in the
human samples can be enhanced by engineering of surface morphology, designing of

composite material, electrolyte and conducing substrate.
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Figure 6.1 The i-t amperometry plots of with and without blood samples. A, B, C, D, E,
and F are the different human blood samples tested in 0.1M NaOH electrolyte.

From above results, we concluded that the different human blood samples are a
very well distinguished by the sensor. The Ag-La,O3; and Mn-La,O3 film electrodes

displayed efficient glucose sensing with good recovery. Statistical data is presented here

Page 145



Chapter VI

to analysis of glucose concentration along with current response to compare with
prepared electrodes and commercial glucometer as shown in table number 6.1. The
statistical data was taken from above i-t amperometric graphs.

Table 6.1: The statistical data of successive addition of pure glucose and human samples

Ag-La,0; electrode
Glucometer
Sr. samples readings Observed calculated Recovery
No. . o
(mg/dI) current (uA) (mg/dl)/ uA | Mean readings (%)
(mg/dl)
1 A 74 22.08 3.35 79 106
2 B 115 31.45 3.65 112 97
3 C 65 17.4 3.73 62 95
3.58
4 D 80 21.63 3.69 77 96
5 E 234 66.22 3.53 237 101
6 F 156 43.77 3.56 156 100
Mn-La,0; electrode
1 A 74 56.65 1.30 73 98
2 B 115 89.20 1.28 115 100
3 C 65 50.03 1.29 64 98
1.29
4 D 80 62.98 1.27 81 101
5 E 234 180.43 1.29 233 99
6 F 156 120.84 1.29 156 100

The analytical results, recovery of six samples examined by Ag-La,O; and Mn-
La,O3 electrodes in the range of 106 to 95 % and 101 to 98 %, respectively, were
presented above table. The non-enzymatic glucose sensors based on Mn-La,O3 electrodes
have shown highest sensitivity and efficient sensing performance with good recovery for
glucose oxidation than Ag-La,O3 electrode.
6.4 Conclusions:

In this present work, synthesized Ag-La,O; and Mn-La,O3 were investigated for
glucose detection present in the human blood sample for the first time. The surface
texture of the electrode is highly active in basic media. It is also proved that, the glucose

present in the real blood sample measured using i-t amperometric technique and obtained
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data accuracy is comparable with the data provided by commercial glucometer. These
results emphases the possibility of innovative development of commercial glucose sensor
by using Ag- La,O3; and Mn-La,03 electrodes at reduced cost with renewable surface. In
addition, Ag- La,O3 and Mn-La,O3 electrodes work as the backbone in enhancing
sensing performance. The fabrication method is simple, cheaper and easily constructed
using inexpensive protocols and chemicals and can be produced in large quantity.
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Chapter VII

Summary and conclusion of the Research Work:

In the present scenario, the numbers of diabetic patients are constantly increasing
worldwide. This disease is harmful for human body that damages some body parts
revealing to require regular monitoring for which glucose oxidase based sensor strips are
being used. The increase monitoring cost is very high. In order to reduce this cost, the
new development of non-enzymatic glucose sensors with reusable, highly sensitive and
selective properties are being essential. The many researchers and scientist in the field of
science technology and industry is now focused on non-enzymatic glucose sensing
devices which develops it a rising star in the high sensitivity and stability.

The extensively developed with restricted nature of the present one time usable
glucose sensors strips have drawbacks in their usage. This demands synthesis of easily
portable, flexible and reusable miniature sized glucose sensing strips. With this focus, we
aimed to synthesis reusable, easily portable, non-enzymatic, low cost and
environmentally stable glucose sensing strips. The flexible nature of enzymeless strips
eliminates the problem that arises due to the bulky nature of enzymatic glucose sensing
strips. Hence, the important aspect in synthesizing the flexible enzymeless glucose
sensing strips needs improvement in sensitivity, wide linear range, quick response time,
LOD and performance without affecting its other electrochemical features. These crucial
requirements of non-enzymatic electrochemical glucose sensor requires development of
competent electrode material with highly stable and good conductivity, that can enhance
easily electron transfer rate in the electrochemical reaction process with long term
durability. Along with electrode material properties, the alkaline electrolyte has the
considerable effective role in between the working and counter electrode surface that

leads to better enzymeless electrochemical glucose sensing performance.
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The aim of the present perceptive research work is to synthesis La,O3 thin films
using simple electrodeposition method. Then, the synthesized Ag-La,Oj3 thin films to
enhance the properties of the pristine La,Os; film electrode material by facile
electrodeposition method on conducting (stainless steel) substrate. This is followed by the
synthesis of Mn-La,Oj3 thin films to upraise the pristine La,O3 electrode material by the
newly developed multipotential electrodeposition method. Synthesized well adherent,
good quality and binder-free thin films will be characterized by various physico-chemical
methods. The best performing thin film electrodes from the above mentioned ones then
were used for the analysis of glucose present in real human blood sample in freshly
prepared 0.1 M NaOH electrolyte. The present thesis work is systematically described in
six chapters.

Chapter I: In this chapter, we have discussed with the general introduction to
chronological improvement in glucose sensors families and then followed by the need of
improvement in enzymeless glucose sensor electrode material in the recent research.
Present developments and working principle of glucose sensors, also the glucose sensing
properties based on sensitivity and selectivity are discussed. It is seen that, the
enzymeless electrochemical glucose sensing performance can be achieved by
synthesizing innovative active electrode materials with peculiar electrochemical glucose
sensing properties. The desired electrochemical glucose sensing properties of the material
are successfully discussed in detail. Furthermore, chapter consists a literature survey of
transition metal oxides based composites and doping materials used for enzymeless
glucose sensing application. Finally the scope and purpose of dissertation is described.

Chapter I1: This chapter begins with the basic introduction of thin film electrode with

deep discussion of their properties. Simple electrodeposition method with their different
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types of deposition techniques and deposition mechanism is discussed. As well
theoretical background of electrodeposition method with various preparative parameters
and their advantages are briefly explained. The working principles of characterization
techniques used for thin film analysis such as XRD for structural analysis, FE-SEM for
surface morphological study and EDS for elemental mapping and XPS for elemental
analysis are given in this chapter. Also, the electrochemical technique used for the
electrochemical performance evaluation of electrode material such as CV, and i-t
amperometry study with their features are discussed in detail.

Chapter 111: This chapter deals with basic introduction, synthesis, characterization and
non-enzymatic electrochemical performance evaluation of electrodeposited La,O3 thin
films. This chapter explains synthesis of La,Oj3 thin films by electrodeposition method.
The highly conducting and stable SS substrate in acid/base solution was selected for the
deposition. The La,O3 was directly grown on SS substrate by electrodeposition method.
The deposited La,O3; thin films were characterized by various characterization
techniques. The XRD analysis confirms deposition of La,O; material with monoclinic
phase in thin film form. The lanthanum and oxygen elements were detected and
successfully confirmed by XPS study. The lanthanum and oxygen molar content
influences the morphology of thin film form in nanosheets like structure and EDS
analysis confirms expected molar ratio of lanthanum and oxygen in the samples.

Three electrode system was used for the enzymeless glucose sensing performance
evaluation. The glucose sensing electrochemical performance evaluation of
electrodeposited La,O3 thin films was studied. The current response was linear at low
concentration from 1.25 to 3.75 mM with high sensitivity of 616 pA mM™*cm?and a low

detection limit (LOD) of 0.27 mM with correlation coefficient of 0.9924 was obtained.
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Fabrication of this binder free electrode was simple and has the characteristic features of
faster response time (less than 1 second), highly stable, reusable, better sensitive and
excellent selective for enzymeless glucose sensing in alkaline media. Observed linear
range was 1.2 mM to 11.25 mM (converted into dynamic range 21.6 to 202.5 mg/dl),
which was the diagnostic range required for screening the hypo and hyperglycemic
glucose level without enzyme. The good non-enzymatic electrochemical glucose sensing
results concluded that, nanosheets-like structure of La,Oj3 thin film offers a large number
of channels for easy ion penetration and charge transportation.

Chapter 1V: This chapter deals with study of synthesis, characterization and non-
enzymatic electrochemical performance evaluation of electrodeposited Ag-La,Os3 thin
film electrodes. The electrodeposited Ag-La,O3 thin films were used for non-enzymatic
glucose sensing study. The XRD, BET, XPS, FE-SEM, EDS and elemental mapping
analysis were used for confirmation of prepared material. Nanocrystalline nature of Ag-
La,O3 thin film electrode was observed in XRD analysis. The vertically aligned
nanoflakes like morphology and expected elemental composition were observed from
FE-SEM and EDX study respectively. The silver ions enhance the active surface area
which influences sensitivity increment. The non-enzymatic glucose sensing
electrochemical performance evolution of electrodeposited Ag-La,O3 film electrode was
detected in 0.1 M NaOH electrolyte. The high sensitivity value of 1677 and 1022 pA
mM™ cm? by silver doped lanthanum oxide film electrode with multi linear response
towards glucose in the range of 100 uM to 600 uM and 600 uM to 1.6 mM was exhibited
respectively. The enhanced electrical conductivity, surface area and improved sensing
performance are due to Ag composite and vertically grown Ag-La,O3; nanoflakes form

film electrode. As the thickness of shell layer in the nanoregion results with active
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surface area which can provide more reactive sites for redox reaction and electrocatalytic
activity.

Chapter V: This chapter deals with the study of non-enzymatic glucose sensing
application of Mn-La,03 film electrode synthesized by multipotential electrodeposition
method for different variation of manganese concentration. XRD, FE-SEM, EDX and
XPS analysis of Mn-La,O3 film electrode was discussed in detail. Mn-La,O3 film
electrode exhibited range of glucose concentration detection in between 50 to 950 uM
(R?=0.9476) and glucose sensitivity detection was about 1985 pA mM™ cm with a LOD
32 uM. Manganese ions in the La,Os electrode material promotes to enhance better
electrocatalytic performance and also as manganese element is one of the most promising
nanomaterial due to its unique combination of multi valence property leads to most
essential characteristics such as thermal stability and good electrical conductivity.
Chapter VI: This chapter deals with study of glucose detection from present in the
human sample by using simple i-t amperometric technique. We have taken six human
blood samples from various persons. These samples were collected from D Y Patil
Hospital and Research Centre, Kolhapur. The percentage of glucose present in the human
blood samples was measured by commercial glucometers in the unit of mg/dl. Also, the
measurement of glucose from human sample was carried out by addition of 50 pL of
whole blood in 40 mL of 0.1M NaOH electrolyte for comparison. These statistical results
emphases the possibility of innovative development of commercial glucose sensor by
using Ag-La,O3 and Mn-La,0O3 film electrodes. In that regards Mn-La,O3; electrode
exhibits high sensitivity with nearly equal glucose concentration from human blood

sample than Ag-La,O; electrode. Therefore, the electrodeposited Mn-La,O3; film
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electrode can be used for strip fabrication process. Metal oxide based thin film electrodes
was compared with our electrodes and summarized in Table 7.1.

Table 7.1 Metal oxide based electrodes for non-enzymatic glucose sensing application

Film electrodes Sensitillity2 Linear range LOD potential Ref
(HAMM™cm™) (mM) (M) (+V)
Ni/ZnO 824.34 0.001-8.1 0.28 0.50 1
NiO/Pt 668.2 0.05-5.66 0.2 0.6 2
CoO/r-GOPE 1210 0.040-4 1.4 0.45 3
NiC0,04 387.1 001-21 1 0.45 4
CuxO/Cu 1210 0.01-7 10 0.6 5
CuO«-CoOy 507 0.005 -0.570 0.5 0.5 6
NiO 1323 0.0025-1.10 0.32 0.6 7
IrO,@NiO 1439.4 0.005-2.5 0.31 0.35 8
NiO/CeO, 154.4 0.001-2.9 1.0 0.6 9
ZnCo0,04 436.1 0.01-0.55 5 0.55 10
Mn,03/NiC0,04 956 0.01-0.15 35 0.7 11
La,Os 616 1.25-11.25 270 0.43 )
Ag-LayO3 1677 0.1-1.6 0.62 0.43 ;2:(
Mn-La,0; 1985 0.05-0.95 32 0.41
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Chapter VII

7.1 Recommendations:

Based on the findings and conclusion of the synthesis, characterization and
glucose sensing performance of non-enzymatic glucose sensors, there are several
recommendations to be proposed. The ultimate target of this research work was to
prepare La,O; Ag-La,O; and Mn-La,O3; materials deposited on SS substrate by
electrodeposition method for glucose sensing application. The main achievement of the
present research work is that, the prepared lanthanum based film electrodes showed
efficient glucose sensing performance present in human blood samples with long term
stability. In this investigation, we have calibrated and compared our results with the
commercial glucometer. Overall, Ag-La,O3 and Mn-La,O3 film electrodes showed
excellent non-enzymatic glucose sensing performance present in the human blood
samples.

Finally, it is recommended that, due to the simplicity, efficiency, and industrial
viability of the technique. The Mn-La,O3 film electrode can consider for the production
of glucose testing strips.

7.2 Conclusion of the Research Work:

In the present scenario, the numbers of diabetic patients are constantly increasing
worldwide. This disease is harmful for human body that damages some body parts
revealing to require regular monitoring for which glucose oxidase based sensor strips are
being used. The monitoring cost is very high. In order to reduce this cost, the new
development of non-enzymatic glucose sensors with reusable, highly sensitive and

selective properties are being essential. The many researchers and scientists in the field of
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science technology and industry have focused on non-enzymatic glucose sensing devices
with high sensitivity and stability.

The extensively developed with restricted nature of the present one time usable
glucose sensors strips have drawbacks in their usage. This demands synthesis of easily
portable, flexible and reusable miniature sized glucose sensing strips. With this focus, we
aimed to synthesis reusable, easily portable, non-enzymatic, low cost and
environmentally stable glucose sensing strips. The enzymeless strips eliminate the
problem that arises due to the bulky nature of enzymatic glucose sensing strips. Hence,
the important aspect in synthesizing the enzymeless glucose sensing strips needs
improvement in sensitivity, wide linear range, quick response time, LOD and
performance without affecting its other electrochemical features. These crucial
requirements of non-enzymatic electrochemical glucose sensor requires development of
competent electrode material with highly stable and good conductivity, that can enhance
electron transfer rate in the electrochemical reaction process with long term durability.
Along with electrode material properties, the alkaline electrolyte has the considerable
effective role in between the working and counter electrode surface that leads to better
enzymeless electrochemical glucose sensing performance.

The aim of the present perceptive research work is to synthesis La,O3 based thin
films using simple electrodeposition method. This is followed by the synthesis of Ag-
La,0O3 and Mn-La,03 thin films to upraise the performance of pristine La,O3 electrode
material by the newly developed multipotential electrodeposition method. Synthesized
well adherent, good quality and binder-free thin films were characterized by various

physico-chemical methods. The best performing thin film electrodes from the above
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mentioned ones then were used for the analysis of glucose present in real human blood
sample in freshly prepared 0.1 M NaOH electrolyte. This work is presented in thesis.

The basic introduction of thin film electrode and electrodeposition method with
their different types of deposition techniques and deposition mechanism are discussed. As
well theoretical background of electrodeposition method with various preparative
parameters and their advantages are briefly explained. The characterization techniques
used for thin film analysis such as XRD for structural analysis, FE-SEM for surface
morphological study and EDS for elemental mapping and XPS for elemental analysis are
discussed. Also, the electrochemical technique such as CV and i-t amperometry used for
the electrochemical glucose sensing performance of electrode materials

This work explains synthesis of La,Oj3 thin films by electrodeposition method.
The highly conducting and stable SS substrate in acid/base solution was selected for the
deposition. The La,O3 was directly grown on SS substrate by electrodeposition method.
The deposited LayOs; thin films were characterized by various characterization
techniques. The XRD analysis confirmed deposition of La,O3; material with monoclinic
phase in thin film form. The lanthanum and oxygen elements were detected. The
lanthanum and oxygen molar content influences the morphology of thin film form in
nanosheets-like structure and EDS analysis confirms expected molar ratio of lanthanum
and oxygen in the samples.

Three electrode system was used for the enzymeless glucose sensing performance
evaluation. The glucose sensing electrochemical performance evaluation of
electrodeposited La,O3 thin films was studied. The current response was linear at low

concentration from 1.25 to 3.75 mM with high sensitivity of 616 pA mM™ cm™ and a low
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detection limit (LOD) of 0.27 mM with correlation coefficient of 0.9924 was obtained.
Fabrication of this binder free electrode is simple and has the characteristic features of
faster response time (less than 1 second), highly stable, reusable, better sensitive and
excellent selective for enzymeless glucose sensing in alkaline media. Observed linear
range was 1.2 mM to 11.25 mM (converted into dynamic range 21.6 to 202.5 mg/dl),
which is the diagnostic range required for screening the hypo and hyperglycemic glucose
level without enzyme. The good non-enzymatic electrochemical glucose sensing results
concluded that, nanosheets-like structure of La;Os thin film offers a large number of
channels for easy ion penetration and charge transportation.

The study of characterization and non-enzymatic electrochemical performance
evaluation of electrodeposited Ag-La,O3 thin film electrodes was carried out. The Ag-
La,O3 thin films are used for non-enzymatic glucose sensing study. Nanocrystalline
nature of Ag-La,O3 thin film electrode is observed in XRD analysis. The vertically
aligned nanoflakes like morphology and expected elemental composition are observed
from FE-SEM and EDX study respectively. The silver ions enhance the active surface
area which influences sensitivity increment. The non-enzymatic glucose sensing
electrochemical performance evolution of electrodeposited Ag-La,O3 film electrode was
detected in 0.1 M NaOH electrolyte. The high sensitivity value of 1677 and 1022 pA
mM™ ecm? by silver doped lanthanum oxide film electrode with multi linear response
towards glucose in the range of 100 uM to 600 uM and 600 uM to 1.6 mM was exhibited
respectively. The enhanced electrical conductivity, surface area and improved sensing
performance are due to Ag composite and vertically grown Ag-La,O3 nanoflakes form

film electrode. As the thickness of shell layer in the nanoregion results with active
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surface area which can provide more reactive sites for redox reaction and electrocatalytic
activity.

Further for non-enzymatic glucose sensing application, Mn-La,O3 film electrodes
were synthesized by multipotential electrodeposition method. Mn-La,O3 film electrode
exhibits range of glucose concentration detection in between 50 to 950 uM (R?*=0.9476)
and glucose sensitivity detection is about 1985 pA mM™ cm™? with a LOD 32 pM.
Manganese ions in the La,Os; electrode material promotes to enhance better
electrocatalytic performance and also as manganese element is one of the most promising
nanomaterial due to its unique combination of multi valence property leads to most
essential characteristics such as thermal stability and good electrical conductivity.

The study of glucose detection from present in the human blood sample was
carried out using simple i-t amperometric technique. We have taken six human blood
samples from various persons from D. Y. Patil Hospital and Research Centre Kolhapur.
The percentage of glucose present in human blood samples was measured by commercial
glucometers in the unit of mg/dl. Also, the measurement of glucose from human blood
sample was carried out by addition of 50 pL of whole blood in 40 mL of 0.1 M NaOH
electrolyte for comparison. These statistical results emphases the possibility of innovative
development of commercial glucose sensor by using Ag-La,O; and Mn-La,O3 film
electrodes. In that regards Mn-La,05 electrode exhibits high sensitivity with nearly equal
glucose concentration from human blood sample than Ag-La,Og3 electrode. Therefore, the
electrodeposited Mn-La,O3 film electrode can be used for strip fabrication process.

7.3 Summary
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1) The uniform deposition of La,O3;, Ag-La,O; and Mn-La,O3 on the stainless steel
substrate was achieved by electrodeposition method.

2) Ag-La,O3 and Mn-La,O3 film electrodes exhibited excellent non-enzymatic glucose
sensing performance present in the human blood samples.

3) The non-enzymatic glucose sensors based on Mn-La,O3 electrodes have shown more
sensitivity and efficient sensing performance with good recovery for glucose
oxidation than Ag-La,Os3 electrode.

7.4 Future Findings:

In this study, the synthesized non-enzymatic glucose sensing electrode
electrochemical performance evolution was carried out in alkaline medium such as
sodium hydroxide and potassium hydroxide. However, they are highly basic with fairly
high pH value compared to pH of physiological content. Hence in further studies, it is
planned to perform glucose sensing application at physiological pH with synthesized
nanomaterial. The synthesized La,03, Ag-La,0O3 and Mn-La,03 sensing electrodes were
exhibited glucose detection performance in the range of 50 uM to 11.25 mM (0.9 to
202.5 mg/dl). However, it is insufficient to detect whether the diabetic patient is in hypo
or hyperglycemic glucose level. Thus in our further studies it is planned to synthesis
better metal oxide electrode material with electrocatalytic properties that may lead to

enhance sensitivity with wide linear range of glucose detection performance.
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